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Optical and vibrational properties of anisotropic layered materials
Abstract: Atomically thin layered materials with low symmetry which leads to in-plane ani-
sotropy of electronic and optical properties are particularly interesting from the point of view
of applications. In this thesis, the optoelectronic properties of three layered materials with
in-plane anisotropy, black phosphorus, rhenium disulﬁde and franckeite are investigated using
optical spectroscopy.
Black phosphorus (BP), with a puckered orthorhombic structure, has signiﬁcant in-plane ani-
sotropy and a direct bandgap which varies strongly with the number of layers. A signiﬁcant
hindrance from the point of view of the realization of BP-based devices is its degradation in
ambient conditions, which can be prevented by encapsulation, for example using hexagonal
boron nitride (h-BN). We have investigated the vibrational properties of h-BN encapsulated
black phosphorus using Raman spectroscopy and report the ﬁrst experimental observation of a
theoretically predicted new peak slightly above the A1g mode. We explain its appearance by a
diﬀerence of the mode frequencies in the inner and surface layers and discuss this eﬀect in the
context of the strong interlayer coupling in BP and the inﬂuence of the encapsulation on the
lattice properties.
The second part of this thesis presents the results of photoluminescence studies of few-layer
rhenium disulﬁde. The optical response of ReS2 is dominated by two energetically nondegene-
rate anisotropic excitons X1 around 1.55 eV and X2 around 1.57 eV which can be observed in
polarized absorption and emission. A controversy exists regarding the nature of the fundamen-
tal bandgap of ReS2 , in particular the presence of a crossover from indirect to direct bandgap
with changing thickness. We have studied the polarized emission related to the excitonic states
at low temperature as a function of the number of layers and compared the experimental results
with the predictions of a kinetic model describing the radiative recombination and scattering
between excitonic states. We conclude that the features observed in photoluminescence arise
due to hot emission from direct excitonic states and that a smaller, indirect bandgap and a
related excitonic state are responsible for the depopulation of the direct states, the relatively
weak emission intensity and the observed X1 and X2 emission ratio.
Franckeite, a complex sulﬁde mineral, has attracted attention as a natural type-II heterostruc-
ture composed of alternating pseudo-hexagonal and pseudo-tetragonal layers. The incommen-
surate character of the two lattices leads to one-dimensional rippling. The last part of this
thesis describes our observation of anomalous polarization dependence of the Raman modes in
exfoliated franckeite ﬂakes, which suggested the presence of optical anisotropy and could be
used as a rapid and non-invasive method to identify the rippling direction.
Keywords: optical anisotropy, black phosphorus, rhenium disulﬁde, franckeite, Raman spec-
troscopy, layered materials

Propriétés optiques et vibrationelles de matériaux en couches minces
anisotropes
Résumé : Les matériaux bidimensionnels avec une faible symétrie, conduisant à une anisotropie
dans le plan des propriétés électroniques et optiques sont particulièrement intéressants du point
de vue de l’application. Dans cette thèse, les propriétés optoélectroniques de trois matériaux
stratiﬁés à anisotropie dans le plan, phosphore noir, disulfure de rhénium et franckéite, sont
étudiées par spectroscopie optique.
Le phosphore noir (BP), avec une structure orthorhombique plissée, présente une anisotropie
signiﬁcative dans le plan et une bande interdite directe qui varie fortement selon le nombre de
couches. Un obstacle important du point de vue de la réalisation de dispositifs basés sur BP
est sa dégradation dans les conditions ambiantes, qui peut être évitée par encapsulation, par
exemple en utilisant du nitrure de bore hexagonal (h-BN). Nous avons étudié les propriétés
vibratoires du phosphore noir encapsulé dans le h-BN à l’aide de la spectroscopie Raman et
nous présentons ici la première observation expérimentale d’un nouveau pic théoriquement
prévu légèrement au-dessus du mode A1g. Nous expliquons son apparition par une diﬀérence
des fréquences de modes vibratoires dans les couches internes et les couches de surface, et nous
discutons de cet eﬀet dans le contexte du fort couplage entre couches dans BP et de l’inﬂuence
de l’encapsulation sur les propriétés du réseau cristallin.
La deuxième partie de cette thèse présente les résultats d’études de photoluminescence du disul-
fure de rhénium avec une épaisseur de quelques couches atomiques. La réponse optique de ReS2
est dominée par deux excitons anisotropes énergétiquement non dégénérés X1 autour de 1,55
eV et X2 autour de 1,57 eV qui peuvent être observés en absorption et émission de la lumière
polarisée linéairement. Une controverse existe sur le caractère de bande interdite de ReS2, en
particulier sur la présence d’un passage de gap direct à gap indirect avec la variation de l’épais-
seur. Nous avons étudié l’émission polarisée liée aux états excitoniques à basse température en
fonction du nombre de couches et comparé les résultats expérimentaux avec les prédictions d’un
modèle cinétique décrivant la recombinaison radiative et la diﬀusion entre états excitoniques.
Nous concluons d’une part que les caractéristiques observées en photoluminescence sont liées à
l’émission des états excitoniques associés à une bande interdite directe, et d’autre part que la
bande interdite fondamentale est indirecte. Nous proposons un modèle ou un état excitonique
associé à une bande interdite indirecte de plus basse énergie assiste au dépeuplement des états
excitoniques directs. Sa présence explique l’intensité d’émission relativement faible et le rapport
d’émission X1 et X2 observé.
La franckéite, un minéral sulfuré complexe, a attiré l’attention en tant qu’hétérostructure na-
turelle de type II composée de couches alternées pseudohexagonales et pseudotétragonales. Le
caractère incommensurable des deux réseaux mène à une ondulation unidimensionnelle. La der-
nière partie de cette thèse décrit notre observation de la dépendance de polarisation anormale
des modes Raman dans les couches de franckéite exfoliées, ce qui suggère la présence d’une
anisotropie optique. L’observation de cette dépendance de polarisation pourrait être utilisée
comme une méthode rapide et non invasive pour identiﬁer la direction des ondulations.
Mots clés : anisotropie optique, phosphore noir, disulfure de rhénium, franckéite, spectroscopie
Raman, matériaux en couches minces
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Optical and electronic properties
of two-dimensional materials
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This chapter gives an overview of the optical and electronic properties of layered materials
with strong in-plane anisotropy. The general properties and applications of low-dimensional
layered compounds are presented. Next, the class of anisotropic materials is introduced and
the structure and characteristics of the compounds investigated in this work, including black
phosphorus, rhenium disulﬁde and franckeite are discussed in detail.
1.1 Introduction
The interest in two-dimensional materials has been sparked by the discovery of an easy way
to produce single- and few-layer graphene by micromechanical exfoliation [Novoselov 2004].
Many other materials share the characteristic features of the layered structure of graphite
with strong in-plane bonds and only weak van der Waals interactions between the planes
[Novoselov 2005]. Since the demonstration of the fabrication of graphene via micromechan-
ical cleavage various other compounds, such as metal chalcogenides, oxides, boron nitride or
black phosphorus have been exfoliated down to mono- and few-layer sheets using this technique
[Novoselov 2005, Geim 2013, Tan 2017a, Novoselov 2016]. Atomically thin layered materials
are now an intensively studied class of compounds [Duong 2017].
The family of van der Waals layered materials includes monoelemental materials such as
graphene, phosphorene, silicene, germanene, stanene, borophene, antimonene or black arsenic
1
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[Pumera 2017, Chen 2018b] and binary compounds such as boron nitride, metal oxides and
transition metal mono- (SnS, SnSe, GeS, GeSe) [Gomes 2015], di-(MoS2, MoSe2, WSe2 WS2)
and trichalcogenides (TiS3, ZrS3, HfS3, NiS3) [Silva-Guillén 2017, Island 2017]. Group IV-V
compounds such as GeP or SiP [Li 2018a] as well as certain hybrid perovskites [Thygesen 2017,
Lédée 2017] can also be found in thin layer form.
Layered compounds include metals, semimetals, insulators and semiconductors and their
characteristics can change dependending on the number of layers [Duong 2017]. Their applica-
tions rely on speciﬁc features such as the tunability of the electronic structure, ﬂexibility, optical
transparency, in-plane mechanical strength, potentially high sensitivity as sensors due to high
surface-to-volume ratio. Eﬀorts to increase the computing eﬃciency of electronic systems cre-
ate the need for new channel materials which could be scaled down beyond the limit of silicon
technology, with high on/oﬀ ratios and large bandgaps. These needs can be met by layered
semiconductors which have bandgaps ranging from the mid-infrared for bulk black phosphorus
[Island 2016], through visible for transition metal dichalcogenides [Wurstbauer 2017], to UV for
hexagonal boron nitride [Cassabois 2016]. The band structure can be tuned by applying strain
to a much larger extent than for classical semiconductors [Roldán 2015] as well as via alloying
which has been demonstrated for TMDs [Xie 2015]. This makes layered materials promising
from the point of view of a wide range of optoelectronic applications, including light emitting
devices, photodetectors, solar cells [Huo 2017, Das 2019, Mauro 2018], transistors [Kelly 2017],
energy harvesting and storage [Zhu , Choi 2017]. Reduced dimensionality has a strong in-
ﬂuence on the properties of layered materials and the properties for bulk may be drastically
diﬀerent from these of one- or few-layer samples [Novoselov 2005]. Due to interlayer coupling
and quantum conﬁnement eﬀects the size and nature of the bandgap can be easily tuned by
changing the number of layers, providing means to test, explore and control optoelectronic
properties with high precision [Velický 2017a, Duong 2017]. Finally, as a consequence of the
speciﬁc symmetry and band structure, transition metal dichalcogenide monolayers oﬀer the
possibility to control the valley degree of freedom [Zeng 2012, Mak 2012]. This can be used to
realize valleytronic data storage and logic applications, where the valley index of the carriers
is used to represent information [Schaibley 2016]. Assembling diﬀerent 2D monolayers into
complex van der Waals heterostructures allows designing structures with new properties and
functionalities overcoming the limitations of lattice matching, a major hindrance in the case of
group IV, III-V and II-VI semiconductors [Geim 2013, Liu 2016c].
1.2 Excitons in layered materials
The optical and electronic properties of single- or few-layer thick materials are dominated by
excitonic eﬀects, which are particularly robust due to the large exciton binding energies and
large oscillator strengths [Velický 2017a].
When an electron in the conduction band and a hole in the valence band are bound via
Coulomb interaction, they form a quasiparticle called a neutral exciton [Knox 1963, Fox 2010].
Depending on the binding energy and the spatial extent of the excitonic function within the
crystal two types of excitons can be distinguished, the delocalized Wannier-Mott and the tightly
bound Frenkel excitons [Fox 2010]. Excitons in semiconductors are usually of the Wannier-Mott
type. The wave function of a Wannier exciton extends over many unit cells of the crystal and
these excitons can freely move within the crystal. Frenkel excitons have a radius comparable
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to the size of the lattice unit cell and are tightly bound and characteristic for insulators or
molecular crystals [Fox 2010]. Figure 1.1 (a) shows the schematics of the two types of excitons.
Figure 1.1: (a) Schematics of the Wannier and Frenkel excitons. (b) Absorption spectrum of a
direct bandgap bulk semiconductor. The dashed line shows the band edge absorption spectrum
in the absence of excitonic eﬀects and the solid line the spectrum with excitonic eﬀects included.
After [Fox 2010].
The electron-hole pair can be compared to a hydrogen atom with the oppositely charged
particles orbiting their center of mass. The masses of the electron and the hole contribute to
the reduced mass of the exciton m∗r :
1
m∗r
=
1
m∗e
+
1
m∗h
(1.1)
The eﬀective masses of the carriers are typically lower than the free electron mass m0 and
as a consequence the reduced mass of the exciton is also lower than m0. For weakly bound
Wannier excitons in bulk materials, the energies of the exciton bound states can be described
by a hydrogen-like Bohr model:
En = − m
∗
re
4
8h2ε20ε2r
1
n2
= Ry
m∗r
m0
( 1
εr
)2( 1
n
)2
= R∗
( 1
εr
)2( 1
n
)2
(1.2)
where n ≥ 1 is the principal quantum number of the excitonic state [Fox 2010], e is the electron
charge, εr the dielectric constant of the medium, m0 is the electron mass and Ry = −13.6eV
the Rydberg constant. R∗ = En=1 is the eﬀective Rydberg constant. From equation 1.2 it
can be seen that the binding energy is dependent on both the eﬀective mass and the dielectric
constant. In a crystal, we have εr > 1 because of the additional dielectric screening. Given
that for typical materials m∗r < m0 the exciton binding energy is expected to be much smaller
than for an electron and proton in a hydrogen atom. Typical exciton binding energies in bulk
semiconductors are on the order of several to tens of meV, for example 23 meV for GaN, 4.2 meV
for GaAs, 12 meV for CdTe and 2 meV for GaSb [Fox 2010]. The radius of the electron-hole
orbit is given by [Fox 2010]:
rn =
m0
mr
εrn
2aH (1.3)
where aH is the Bohr radius of the hydrogen atom. Again considering that m∗r < m0 and
εr > 1, the radius of the exciton is larger than for a H atom. For example, the exciton Bohr
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radius is 2.8 nm in bulk GaN [Rol 2007] and 10 nm in bulk CdTe [Nguyen 2004].
Excitons can be created in direct optical transitions at points of the Brillouin zone where the
gradients of the conduction and valence bands are equal which means the group velocity of the
electron and the hole are the same [Fox 2010]. For parabolic band dispersion, optically active
excitonic states are formed at points corresponding the extrema of the conduction and valence
band. The absorption spectrum of excitonic states consists of discrete lines at energies below
the bandgap. Figure 1.1 (b) shows a schematic of the absorption spectrum of a direct bandgap
bulk semiconductor. The solid line shows the spectrum including excitonic eﬀects. Strong
optical absorption lines appear below the fundamental bandgap at energies corresponding to
[Fox 2010]:
En = Eg − RX
n2
(1.4)
In 2D materials, the reduced dimensionality can strongly modify the excitonic properties
relative to the bulk. Due to the in-plane spatial conﬁnement, the exciton binding energy is
increased. Typical exciton binding energies observed in these materials are on the order of
0.1-1 eV [Duong 2017, Thygesen 2017]. As a consequence, excitonic eﬀects are dominant even
at room temperature because the exciton binding energy is larger than kBT which is around
25 meV at 300 K [Xiao 2017].
The exciton energy levels in an ideal 2D system relative to the exciton binding energy in
the bulk E3Dn can be described as [Zaslow 1967]:
E2Dn = E
3D
n ·
n2
(n− 12 )2
(1.5)
For the ground state n = 1 this means a four times larger binding energy for the 2D case.
A further factor strongly inﬂuencing the exciton binding energies in atomically thin materials
is the modiﬁed dielectric screening. As shown schematically in Fig. 1.2 (a), the bulk and 2D
material are characterized by diﬀerent eﬀective dielectric constants ε3D and ε2D. The dielectric
environment is diﬀerent outside of the thin 2D layer, which leads to reduced screening in
the typical case when the dielectric constant of the environment is lower than that of the
material [Chernikov 2014]. The dielectric environment has a strong inﬂuence on the properties
of thin materials because of the long-range nature of the Coulomb interaction [Florian 2018,
Raja 2017]. Equation 1.5 derived from the hydrogen model cannot be used to describe the
exciton energies for an inhomogeneous dielectric environment. Alternative models including a
layer-dependent dielectric constant have been used to describe the deviation from the hydrogenic
model in layered materials [Chernikov 2014]. The equation derived by Rytova [Rytova 1967]
and Keldysh [Keldysh, L. V. 1979] describes the modiﬁed Coulomb potential energy for point
charges in thin layers [Prada 2015]:
V2D(r) = − e
2
8ε0εr0
π
2
[
H0
( r
r0
)
− Y0
( r
r0
)]
(1.6)
where ε = (ε1+ε2)/2, r0 = dε/(ε1+ε2), ε1 and ε2 are the dielectric constants of the surrounding
media, d is the thickness of the 2D material and ε is its bulk dielectric constant. H0 and Y0 are
the Neumann and Struve Bessel functions. In this model, the Coulomb interaction increases
strongly with decreasing ﬁlm thickness for ε2D > ε0. Figure 1.2 (b) shows a comparison of
the Rytova-Keldysh potential, 3D 1/r Coulomb potential, the logarithmic approximation of
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equation 1.6 valid for r << r0 and the potential suggested as an approximation of the Rytova-
Keldysh potential by [Cudazzo 2011] as a function of r/r0. The diﬀerence between the 3D
Coulomb and other potentials becomes signiﬁcant for r smaller than the screening length r0 .
Figure 1.2: (a) Schematics of excitons in 2D and 3D systems. After [Chernikov 2014]. (b)
Comparison of diﬀerent binding potentials that can be used to describe the electron-hole in-
teraction as a function of the ratio of the exciton radius r to the screening length r0. After
[Prada 2015].
Fig. 1.3 (a) shows the exciton energies as a function of the quantum number for monolayer
WS2, together with a ﬁt to the 2D hydrogen model and energies calculated numerically for
non-local screening of the Coulomb interaction according to Eq. 1.6 [Chernikov 2014]. The
2D hydrogen model ﬁts the data relatively well for n = 3 and above while the behaviour for
n = 1, 2 is clearly nonhydrogenic. Fig. 1.3 (b) shows a comparison of the 2D hydrogenic
interaction potential and the interaction in the non-local screening model as well as the radial
wave functions for the lowest exitonic states. While the wave functions for the higher excitonic
levels probe mainly the asymptotic region where the potential approaches 1/r due to large
spatial extent, this is not the case for the lowest states [Chernikov 2014]. For n = 1 or 2 the
wave function is conﬁned in the region where the interaction is signiﬁcantly weakened relative
to the 2D hydrogen model.
In ultrathin semiconductor layers, not only the exciton binding energy but also the qua-
siparticle bandgap is modiﬁed with respect to the bulk. The bandgap strongly varies as the
electronic structure changes with the changing number of layers. In addition, the bandgap
can also be modiﬁed by a change of the dielectric environment. The experimentally observed
optical properties are a result of both the changing exciton binding energy and the bandgap
energy. Fig. 1.4 (a) shows a schematics of excitons in a thin layered material partly covered
by a dielectric layer and the change of the bandgap in response to the dielectric environment
[Raja 2017]. Figure 1.4 (b) shows the optical absorption spectrum for the 2D and 3D case, with
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Figure 1.3: (a) Energies of the ground and excited exciton states in ML WS2 determined
experimentally and calculated theoretically, together with a ﬁt of the 2D hydrogen model to
the three highest states. The inset shows the eﬀective dielectric constant. (b) Comparison of
the nonlocal screening interaction potential (black) and the 2D hydrogen model (red) and the
radial wave functions for the lowest exitonic states (blue). The inset shows the same dependence
in semilogarithmic scale. After [Chernikov 2014].
the excitonic peak and band edge absorption both aﬀected by the reduced dimensionality.
Figure 1.4: (a) Inﬂuence of the dielectric environment on the quasiparticle bandgap and the
electron-hole interaction. After [Raja 2017]. (b) Optical absorption as a function of energy for
bulk and 2D material. After [Chernikov 2014].
The large exciton oscillator strength in 2D materials results in very eﬃcient absorption and
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emission of light [Mueller 2018]. Even atomically thin layers can absorb a signiﬁcant portion of
the incoming light. The large binding energies lead to short exciton radiative lifetimes on the
order of ps [Palummo 2015]. Due to the high sensitivity of the quasiparticle bandgap and ex-
citon binding energy to the dielectric environment it is possible to tune the properties of layered
materials by varying the substrate, forming van der Waals heterostructures or encapsulating
the layers [Gupta 2017, Kistanov 2018, Thygesen 2017].
1.3 Anisotropic two-dimensional materials
For liquids and gases, as well as glasses and amorphous materials it can be assumed that
their physical properties remain the same along all directions in space [Fox 2010]. This is
not the case for crystals with lowered symmetry where non-equivalent axes can be deﬁned.
Anisotropy can also be induced in an isotropic crystal by strain or external ﬁelds. Due to
low crystal symmetry some materials have direction-dependent optical, electronic, thermal
and mechanical physical properties [Tian 2016]. Anisotropic phonon dispersion causes the
anisotropy of thermal conductivity, while distinct eﬀective masses along diﬀerent directions
can lead to anisotropic electrical conductivity [Qiao 2014, Tiong 1999]. Optical anisotropy can
manifest itself via birefringence and dichroism [Yang 2017, Pankove, J. I. 1971].
In-plane anisotropy provides an additional degree of freedom to manipulate the already
highly tunable properties of layered materials. Materials with a low-symmetry lattice with
non-equivalent in-plane directions include monoelemental black phosphorus [Ling 2015], black
arsenic [Chen 2018b], α-antimonene [Wang 2015a], GeSe [Yang 2018], GeS [Tan 2017b], WTeS2
[Zhou 2018], ReS2 and ReSe2 [Hart 2016] or heterostructures in which the anisotropy results
from stacking diﬀerent materials with incommensurate lattices. They are particularly inter-
esting from the point of view of various applications in electronic, plasmonic or optoelectronic
devices [Shen 2018, Nemilentsau 2016, Liu 2017]. These include polarization-sensitive pho-
todetectors [Yuan 2015, Venuthurumilli 2018, Li 2018b, Chen 2017] or anisotropic transistors
[Na 2014, Luo 2014, Long 2016, Avsar 2015, Castellanos-Gomez 2014] and anistropic plasmonic
devices [Liu 2016d, Hong 2018].
1.3.1 Black phosphorus
Phosphorus can crystallize in several allotropes with diﬀerent crystal structure and physical
properties. These include tetrahedral white phosphorus, amorphous red phosphorus, monoclinic
violet phosphorus, orthorhombic black phosphorus and recently demonstrated blue phosphorus
[Zhang 2016]. Black phosphorus (BP), and its monolayer form, phosphorene, with a puckered
honeycomb lattice, is the most stable allotrope of phosphorus. BP has been ﬁrst synthetized
in 1914 from white phosphorus under high pressure conditions [Bridgman 1914]. Renewed
interest in black phosphorus followed its rediscovery in monolayer and few-layer form, which
was obtained via exfoliation [Xia 2014, Ling 2015]. Apart from the optoelectronic applications,
BP is promising from the point of view of energy storage and thermoelectric devices [Qiu 2017b,
Zhang 2017c].
In contrast to graphene and many other layered materials, the phosphorus atoms in BP
undergo sp3 hybridization and form a puckered honeycomb structure. Fig. 1.5 shows the
structure of monolayer BP and a schematics of the atomic orbitals. Three valence electrons
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form intra-layer bonds and lone electron pairs point into the interlayer region at an angle
of around 45◦ with respect to the plane [Carvalho 2016, Luo 2015a, Hu 2016, Chaves 2017].
The presence of the lone electron pairs results in the formation of the characteristic puckered
structure.
Figure 1.5: Atomic structure of monolayer BP and sketch of the hybridization of the orbitals.
Red indicates σ orbitals and blue the lone electron pairs. Adapted from [Boukhvalov 2015].
Bulk black phosphorus belongs to the base-centered orthorhombic crystal system, while the
monolayer has a simple orthorhombic structure. The phosphorus atoms lie in two parallel planes
and two non-equivalent in-plane armchair and zigzag directions can be distinguished. Both
bulk and monolayer BP have four atoms in their unit cell. Several stacking orders are possible
[Chaves 2017, Dai 2014], but the lowest-energetic and most widely investigated structure is the
AB stacking, presented in Fig. 1.6 (c). Figure 1.6 (a) and (b) shows the crystal structure and
ﬁrst Brillouin zone for monolayer and bulk BP. Γ indicates the center of the Brillouin zone.
Figure 1.6: Side (left) and top (right) view of the BP crystal structure and the Brillouin
zones of (a) monolayer and (b) bulk BP and (c) the most common AB stacking order. After
[Chaves 2017].
BP is an ambipolar semiconductor with high mobilities reported both for electrons and
holes, higher for the holes in both zigzag and armchair directions [Qiao 2014, Long 2016,
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Li 2014, Xia 2014]. For few-layer thick BP a Hall hole mobility along the armchair direction
of 1000 cm2V−1s−1 was measured at 120 K [Xia 2014]. In another work, mobilities of up to
1000 cm2V−1s−1 at room temperature were reported for FETs based on few-layer BP [Li 2014].
Typically, hole mobilities of several hundred to above a thousand cm2V−1s−1 have been repor-
ted in various studies of BP FETs, which is higher than for TMDs [Du 2015, Li 2014, Na 2014].
The bandgap of black phosphorus is direct for all thicknesses, in contrast to TMDs, where
a crossover from indirect to direct bandgap with thickness is observed [Mak 2010, Zhang 2013,
Sun 2016, Lezama 2015]. For monolayer BP, calculations predict a bandgap of 2.0 to 2.3 eV
[Chaves 2017] which is in agreement with experimental data, for example the value of 1.98 eV
obtained from electron energy loss spectroscopy measurements [Tan 2018]. Figure 1.7 (a) shows
the band structure for monolayer, bilayer and trilayer BP obtained by ab initio calculations
[Island 2016]. It can be seen that the fundamental bandgap is direct at the center (Γ point) of
the Brillouin zone for all thicknesses and decreases with increasing thickness. Panel (b) shows
a comparison of the bandgap energy based on theoretical results and the PL peak energy as
a function of the number of layers [Island 2016]. Both theoretical and experimental results
suggest a strong decrease of the bandgap from monolayer to bulk. This remarkable tunability
of the bandgap with thickness is a consequence of the unusually strong interlayer interaction
[Hu 2016, Shulenburger 2015].
Figure 1.7: (a) Calculated band structure for diﬀerent thicknesses of BP. (b) Energy of the
bandgap obtained using diﬀerent theoretical and experimental approaches. After [Island 2016].
From Fig. 1.7 (a) it can be seen that the band structure is asymmetric in the X and Y
directions around the Γ point. The nonequivalency of zigzag and armchair directions is reﬂected
by the physical properties. The diﬀerent band dispersion in the kx and ky directions results
in anisotropic eﬀective masses for both electrons and holes. As a consequence, the electrical
conductance and carrier mobilities are higher along the armchair direction [Liu 2017]. This
causes the carrier transport to be more eﬃcient along the ky direction. Figure 1.8 (a) shows the
preferred directions of heat and electron transport in the BP plane. The thermal conductivity in
BP is around two times larger along the zigzag than along the armchair direction [Luo 2015b].
The electronic contribution to the thermal conductivity is very small and the phonon scattering
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rates along the diﬀerent crystal directions are nearly isotropic, so the observed thermal transport
anisotropy can be attributed mainly to anisotropic phonon dispersion [Luo 2015b], shown in
Fig. 1.9. For the acoustic phonons in the 5-15 meV range, which are mainly responsible for the
thermal conductivity the bandwidths and group velocities are signiﬁcantly diﬀerent along the
zigzag and armchair directions. Thermal conductivity depends on the number of conducting
phonon modes per cross-sectional area of the material, which is signiﬁcantly larger along the
zigzag direction due to the larger phonon group velocity along this direction [Chaves 2017,
Luo 2015b].
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Figure 1.8: (a) Thermal and electronic transport anisotropy of BP along diﬀerent crystal dir-
ections. After [Ling 2015]. (b) Top-view of the real-space wave function (blue) and reciprocal
space distribution (inset, red) of the 1s exciton in monolayer BP. After [Tran 2015]
The dielectric function of BP is also strongly anisotropic [Tran 2015, Liu 2017] which res-
ults in strongly direction dependent optical absorption [Liu 2017]. The wave function of the 1s
exciton state in monolayer phosphorene is shown in Fig. 1.8. The wave function is extended
along the armchair, low eﬀective mass, direction. The optical oscillator strength of the ex-
citon is strongly direction-dependent [Tran 2015, Wang 2015b] and anisotropy of the emission
attributed to the excitonic state was observed. Figure 1.10 shows the intensity of PL emission
assigned to the lowest-energy exciton as a function of the detection linear polarization direction
for diﬀerent polarization directions of the linearly polarized excitation beam. Maximum intens-
ity can be observed along the armchair direction independent of the polarization direction of
the excitation light.
The speciﬁc hybridization of P atoms in black phosphorus leads to interlayer interaction
much stronger than for most other layered materials. Due to signiﬁcant wave function over-
lap in the interlayer region quasi-covalent electronic hybridization of lone-electron pairs occurs
between the adjacent layers [Hu 2016, Qiao 2014, Chaves 2017]. Figure 1.11 (a) shows the
diﬀerences of charge density in the interlayer and intralayer region for multi-layer black phos-
phorus, MoS2 and graphene [Dong 2016]. It can be seen that the interlayer charge density
is signiﬁcantly larger for BP than for the other materials due to the hybridization of the P
orbitals. This unusual electronic hybridization leads to an interlayer coupling much stronger
than in the case of graphene and the majority of other two dimensional materials, where the
stacking is governed only by weak van der Waals interactions [Hu 2016]. Figure 1.11 (b) shows
the binding energy per BP atom as a function of the interlayer distance. The binding en-
ergy in BP has been reported as 80-120 meV per atom depending on the calculation method
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Figure 1.9: Phonon dispersion of phosphorene. After [Cai 2015a].
Figure 1.10: Intensity of the peak assigned to exciton photoluminescence of monolayer BP as
a function of polarization detection angle for diﬀerent polarization directions of the excitation
light. After [Wang 2015b].
[Duong 2017, Shulenburger 2015], several times higher than in other 2D layered compounds.
For example in graphite, the van der Waals interaction is in the range of 30-60 meV per atom
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[Shulenburger 2015]. The strong interlayer interaction and covalent-like character of the bonds
are responsible for the change of the lattice constant with the number of layers [Qiao 2014] and
the emergence of layer-dependent lattice and vibrational properties [Hu 2016]. The exception-
ally strong interlayer coupling is also a reason for the strong tunability of the bandgap energy of
black phosphorus, one of the largest reported among two dimensional materials [Chaves 2017].
Figure 1.11: (a) Charge diﬀerence density calculated for BP, MoS2 and graphene. Blue color
denotes regions where electron density is depleted, purple - regions of increased electron density.
Atoms are shown in yellow and gray. After [Dong 2016] (b) The binding energy per atom for
bulk BP as a function of interlayer spacing. After [Shulenburger 2015].
A further consequence of the speciﬁc hybridization is the strong reactivity and envir-
onmental instability of BP, which is a signiﬁcant hindrance from the point of view of
producing functional devices. BP degrades quickly in the presence of water and oxygen
[Castellanos-Gomez 2014, Wood 2014, Koenig 2014]. Due to the polar nature of the surface
pristine BP layers are very hydrophilic and the surface is reactive in contact with oxygen and
moisture [Castellanos-Gomez 2014, Luo 2015a, Kuriakose 2018, Huang 2016b, Island 2015].
Degradation of the material occurs via the formation of a surface oxide, often starting at intrinsic
defect sites [Utt 2015]. This can react to form phosphoric acid [Edmonds 2015, Wood 2014],
which dissociates and exposes further layers to degradation [Ziletti 2015]. BP degradation un-
der ambient conditions has been monitored by AFM imaging [Koenig 2014] and optical spec-
troscopy [Alsaﬀar 2017]. Degradation is enhanced by light exposure [Favron 2015, Han 2017],
since reactive oxygen species can form under illumination [Kuriakose 2018], especially in the ul-
traviolet range. This suggests that photo-oxidation is the main mechanism causing degradation
[Ahmed 2017]. Various methods can be used to prevent the degradation of sensitive compounds
under ambient conditions. A common approach is encapsulation in other chemically inert ma-
terials. The encapsulating material has to be highly impermeable to gases and liquids in order
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to protect the encapsulated layers. Encapsulated BP heterostructures have been fabricated us-
ing graphene [Kim 2016], MoS2 [Son 2017] and most commonly used hexagonal boron nitride
(h-BN). h-BN is a mechanically strong, electrically insulating material with a large bandgap
of around 6 eV [Zhang 2017a, Falin 2017], which assures that unwanted absorption will not
hinder the functionality of the structure in the visible range, resistant to oxidation and corro-
sion in ambient atmosphere [Zhang 2017a]. A h-BN substrate or capping layer can provide an
atomically smooth surface with no dangling bonds and surface charge traps [Doganov 2015].
h-BN encapsulation can improve the transport properties of 2D materials, e.g. carrier mobility,
by reducing Coulomb scattering [Zhang 2017a, Doganov 2015]. h-BN has been widely used as
a substrate and gate dielectric material [Zhang 2017a] as well as a passivation and protective
layer and can be easily integrated with other 2D materials. In particular, h-BN/BP/h-BN
heterostructures are stable under ambient conditions and exhibit improved electrical properties
compared to non-encapsulated material [Cao 2015, Long 2016, Chen 2015]. Ultrahigh hole mo-
bilities of around 45000 cm2V−1s−1 at cryogenic temperatures have been achieved in few-layer
BP ﬁeld eﬀect transistors encapsulated in h-BN [Long 2016]. The superior transport quality
has been conﬁrmed by Hall measurements, which yielded a mobility of around 6000 cm2V−1s−1
and an independent estimation of mobility from the critical magnetic ﬁeld for Shubnikov de
Haas oscillations of around 5000 cm2V−1s−1 [Li 2016]. Shubnikov de Haas oscillations could
be observed starting from a critical ﬁeld of around 2 T, conﬁrming high mobility µ ∼ 1/BC
[Li 2016]. Figure 1.12 shows mangetotransport results for h-BN encapsulated BP [Li 2016]. Hall
resistance shown in the left panel shows features of the quantum hall eﬀect at high magnetic
ﬁelds. At lower ﬁelds Shubnikov de Haas oscillations in the magnetoresistance are observed.
Diﬀerent curves present results obtained for diﬀerent hole doping levels.
Figure 1.12: Hall resistance (left) and magnetoresistance (right) as a function of magnetic ﬁeld
for diﬀerent hole concentrations. After [Li 2016].
Apart from protecting the layers, the encapsulating material may have a strong inﬂuence on
the structural and electronic properties of the encapsulated crystal. For black phosphorus this
eﬀect may be particularly important because of the large charge density outside of the layer
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plane due to the sp3 hybridization. Lattice mismatch can lead to the appearance of strain at the
interfaceand electronic properties could be modiﬁed in the surface layers relative to the bulk.
Especially in a material with strong interlayer interactions signiﬁcant changes of properties can
be expected at the interface between the material and the environment which raises questions
about interface bonding, charge transfer, changes of the bandgap and band alignment at inter-
faces in heterostructures [Cai 2015b]. It has been suggested that few-layer black phosphorus
is sensitive to environmental screening and its optical properties can be dramatically aﬀected
by encapsulation in hexagonal boron nitride, in particular the excitonic eﬀects in the spectra
can be suppressed [Qiu 2017a]. It has also been suggested that the bandgap of BP changes
upon contact with encapsulating Al2O3 due to interlayer charge transfer [Sun 2017] and this
eﬀect is strongly dependent on the number of BP layers as well as on the exact surface termin-
ation. Calculations predict a change in the distribution of electrostatic potentials within BP
layers upon contact with the encapsulating graphene and h-BN [Cai 2015b]. DFT calculations
[Birowska 2019] show that biaxial strain can be imposed by h-BN on the BP layer when the
two diﬀerent lattices are in contact. Since encapsulation is an inevitable step for the production
of stable BP devices, it is crucial to understand its inﬂuence on the BP layers. In particular,
in this work we focus on the vibrational properties of h-BN/BP heterostructures. An exper-
imental study of h-BN encapsulated few-layer BP investigating the inﬂuence of encapsulation
on the vibrational modes of BP is presented in Chapter 3.
1.3.2 Rhenium disulfide
Rhenium dichalcogenides are another example of layered materials with strong in-plane aniso-
tropy. In contrast to group VI TMDs which form the H (hexagonal) or 1T (octahedral) struc-
tures, rhenium disulﬁde (ReS2) and diselenide (ReSe2) crystalize in the distorted 1T’ phase with
triclinic symmetry [Jariwala 2016, Tian 2016]. They are environmentally stable in ambient con-
ditions, which makes them interesting from the point of view of applications. Fig. 1.13 shows
the crystal structure of rhenium dichalcogenides. Metal atoms in group VII dichalcogenides
have a d3 electronic conﬁguration, in contrast to the d2 conﬁguration of Mo and W chalcogen-
ides [Fang 1997]. Two out of three metal d electrons form metal-metal bonds. The presence of
the additional valence electron of the rhenium atom causes a disruption of the crystal symmetry
along the in-plane direction, also called the Peierls distortion [Jariwala 2016, Rahman 2017]. Re
atoms form diamond-shaped connected clusters aligned along the b crystal direction [Fang 1997].
The electronic and optical properties of ReS2 and ReSe2 are similar due to their isoelec-
tronic character [Jariwala 2016]. The bandgap of ReSe2, around 1.3 eV is slightly smaller than
for ReS2. The following paragraphs will focus on ReS2, which was investigated in this thesis.
The stacking order of multi-layer ReS2 has been investigated theoretically and experimentally
[He 2016, Qiao 2016]. In the work of [Qiao 2016], conﬁgurations with diﬀerent relative orienta-
tion of the Re-Re bonds in the neighbouring layers were investigated. DFT calculations showed
that the most stable conﬁguration is the anisotropic-like (AI) stacking with the Re-Re bonds
in adjacent layers rotated by 60◦ relative to each other. The second most stable conﬁguration
is the isotropic-like (IS) stacking for the Re-Re bonds in neighboring layers aligned along the a
and b axes respectively. Fig. 1.14 (a) shows the schematic diagrams and top view of the crystal
structure of the AI and IS polytypes calculated by [Qiao 2016].
The structural anisotropy of ReS2 results in anisotropic thermal and electrical transport.
Electric conductivity is higher along the rhenium chains [Lin 2015]. The ratio of the mobility
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Figure 1.13: Schematics of the ReX2 1T ′ crystal structure (a) side view and (b) top view.
Rhenium atoms are shown in blue and chalcogen atoms in green. The red arrow marks the
direction of the Re atom chains. After [Jariwala 2016].
Figure 1.14: Schematic of the (a) AI-stacked and (b) IS-stacked bilayer ReS2. After [Qiao 2016].
along the two diﬀerent principle crystal axes was found to be 2.36 for electrons and 7.76 for
holes, with higher mobility along the b direction [Yu 2016]. The thermal conductivity is also
higher along the Re-chains direction [Jang 2017].
Rhenium disulﬁde has been used for the fabrication of electronic devices [Rahman 2017,
Xiong ], such as thin ﬁlm transistors [Shim 2016, Liu 2016a] or digital inverters [Liu 2015].
Using encapsulated ReS2 nanosheets in top-gated conﬁguration allowed obtaining a very high
on/oﬀ current ratio [Zhang 2015]. The anisotropy of the optical properties can be used for
example in polarization-sensitive photodetectors [Liu 2016b, Zhang 2015].
Optical properties of ReS2 are dominated by two energetically non-degenerate anisotropic
excitons [Jariwala 2016]. Figure 1.15 shows the polarization-dependent absorption for a few-
layer ReS2 ﬂake [Sim 2018]. Absorption depends strongly on the direction of the light polar-
ization relative to the crystal. Two strong resonances with maximum intensity for diﬀerent
directions of light polarization are visible at energies around 1.53 eV and 1.57 eV, marked as X1
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and X2. The left panel of Fig. 1.15 shows absorption as a function of the detection polarization
angle and spectra for selected angles, the right panel the intensity of the absorption resonances
as a function of detection angle. The polarization angle is measured with respect to the b axis.
Polarization-resolved transient absorption has shown the anisotropy of the absorption coeﬃ-
cient, which is larger along the direction of the Re chains [Cui 2015]. The thermal [Jang 2017]
and electrical conductivity [Ovchinnikov 2016, Wen 2017] are also higher along the b crystal
direction. Theoretical calculations predicted the strong anisotropy of the dielectric tensor of
ReS2 [Echeverry 2018].
Figure 1.15: Absorption as a function of the direction of light polarization showing the two
lowest energy X1 and X2 exciton resonances (left) and the spectral weights of the resonances
based on ﬁts for X1 and X2 (right). After [Sim 2018].
The two lowest-lying direct excitonic transitions visible in absorption can also be identiﬁed
in photoluminescence. Fig. 1.16 (a) shows PL spectra acquired for two diﬀerent detection
polarization directions for a thick ReS2 ﬂake. The direct excitonic transitions Eex1 and E
ex
2
can be observed around 1.46 eV and 1.5 eV, as well as a lower-energetic emission interpreted
as the indirect excitonic state around 1.4 eV and a higher-energetic emission around 1.59 eV
[Ho 2017]. In Fig. 1.16 (b), the derivative of the reﬂectance contrast is compared with the
unpolarized PL spectrum for bulk ReS2. The direct transitions X1 and X2 can be identiﬁed in
the reﬂectance spectrum, as well as a higher-energetic transition slightly below 1.6 eV, which
has been interpreted as an excited excitonic state [Aslan 2016, Jadczak 2019]. Fig. 1.17 shows
polarized µ-PL spectra of few-layer ReS2 taken at 4 K for diﬀerent detection polarizations
for which the narrow linewidth allowed to identify ﬁve excitonic transitions [Ho 2019]. The PL
spectra of the AI and IS polytype diﬀer slightly, indicating diﬀerences in the electronic structure
[Qiao 2016]. The maxima of the PL emission for the isotropic polytype are located at slightly
lower energies, the PL peak is narrower and has higher intensity. A similar linear polarization
dependence of the emission intensity has been observed for both ReS2 polytypes [Qiao 2016].
The X1 and X2 transitions observed in photoluminescence show the same polarization de-
pendence as the transitions in absorption. Fig. 1.17 (b) shows polarization-resolved photo-
luminescence spectra for diﬀerent polarization directions for three-layer ReS2. The X1 and
X2 photoluminescence intensity is maximized for polarization along diﬀerent directions. This
energetic and linear polarization selectivity is unique for ReS2 and ReSe2. In contrast to for
example SnS [Chen 2018a], for which PL emission peaks with orthogonal linear polarizations
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Figure 1.16: (a) µ-PL spectra for two diﬀerent polarizations for thick ReS2 with marked indirect
transition (I), two lowest direct transitions Eex1 and E
ex
2 and a higher energetic excitonic trans-
ition EexS . After [Ho 2017]. (b) Photoluminescence (blue) and a derivative of the reﬂectance
(red) spectrum. Arrows indicate the positions of optical transitions. After [Aslan 2016].
originate from diﬀerent valleys in the Brillouin zone, the linear dichroism in the Re dichalco-
genides is not related to valley selectivity. Surprisingly, despite the diﬀerent optical selection
rules it was possible to observe quantum beats indicating quantum coherence between X1 and
X2 states [Sim 2018].
Figure 1.17: (a) Polarized PL spectra of few layer thick ReS2 for detection polarization parallel
(red) and perpendicular (blue) to the rhenium chains. After [Ho 2019]. (b) Polarization-
resolved photoluminescence spectra measured at 15◦ intervals. After [Aslan 2016].
Figure 1.18 shows the ﬁrst 3D Brillouin zone of bulk ReS2. Despite intensive studies, contro-
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versies remain regarding the electronic structure and the nature of the fundamental bandgap
of this material. In particular, it has been brought into question if ReS2 also undergoes an
indirect to direct bandgap transition with decreasing thickness, similar to many other TMDs
[Webb 2017]. For monolayer MX2 compounds, the indirect bandgap becomes larger than the
direct gap [Zhao 2013, Padilha 2014]. It is unclear if such an eﬀect could also occur in ReS2.
Figure 1.18: The Brillouin zone of ReS2. a∗, b∗, c∗ are the reciprocal lattice vectors and the high-
symmetry Z-plane, Γ-plane and its projection on the kz=constant plane are shaded [Webb 2017].
On one hand, calculations by A. Kuc and coworkers from the group of Prof. T . Heine
([Urban 2019]), which are discussed in Chapter 4, suggest the presence of an indirect funda-
mental bandgap which decreases with increasing ReS2 thickness for all thicknesses apart from
the bilayer, for which a direct gap was predicted. A similar theoretical result was obtained
in the work of [Gehlmann 2017], where an indirect gap for more than > 2 layers and a direct
gap at the Γ point for the bilayer were predicted. On the other hand, DFT calculations per-
formed by [Tongay 2014] predicted a direct bandgap independent of the number of layers and
[Zhong 2015] found that monolayer ReS2 has a direct gap at the Γ point.
Experimental studies also provide contradicting evidence about the nature of the bandgap
in ReS2. Studies of the absorption edge in bulk ReS2 indicate that the fundamental bandgap is
indirect [Ho 1998, Ho 1997, Liang 2009]. Fig. 1.19 (a) shows
√
α~ω (α is the absorption coef-
ﬁcient and ω the photon frequency) as a function of photon energy determined experimentally
for a series of temperatures and for diﬀerent polarizations [Ho 1998]. The close to linear de-
pendence observed in this plot suggests an indirect bandgap [Pankove, J. I. 1971]. The combin-
ation of photoacoustic and photoreﬂectance spectroscopy revealed the presence of energetically
close-lying direct and indirect transitions for bulk ReS2 [Zelewski 2017]. Fig. 1.19 (b) shows
the bandgaps determined using both methods, in particular for ReS2 the indirect bandgap is
around 1.375 eV and the direct around 1.55 eV. Photoemission electron microscopy sugges-
ted a transition from an indirect bandgap in bulk ReS2 to a direct bandgap in the bilayer
and monolayer [Gehlmann 2017] and ARPES results suggested that bulk ReS2 is marginally
indirect [Webb 2017]. Transport studies of ﬁeld eﬀect transistors based on bulk crystals sug-
gested an indirect bandgap of 1.41 eV [Gutiérrez-Lezama 2016]. In contrast, the observation of
photoluminescence for ReS2 thicknesses from monolayer to bulk could imply the direct nature
of the bandgap independent of thickness [Ho 2017, Aslan 2016]. However, the photolumines-
cence quantum yields were shown to be very low and independent of the number of layers for
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thicknesses from monolayer to seven layers [Mohamed 2018]. The PL intensity was observed
to increase monotonically with material thickness [Mohamed 2018] which would suggest that
there is no change of the bandgap nature.
Figure 1.19: (a) Square root of the absorption coeﬃcient α multiplied by photon energy
as a function of photon energy for diﬀerent polarization directions and temperatures. After
[Ho 1998]. (b) The direct and indirect bandgaps for rhenium dichalcogenides determined using
respectively modulated and photoacoustic reﬂectance. After [Zelewski 2017].
Chapter 4 of this thesis presents a detailed study of the absorption and photoluminescence
properties of anisotropically stacked ReS2 of varying thickness. Based on these results we draw
conclusions about the nature of the photoluminescence and the underlying electronic structure
of the material.
1.3.3 Anisotropic heterostructures
The possibility to integrate diﬀerent 2D materials into multilayer stacks has inspired the rap-
idly expanding research ﬁeld of van der Waals heterostructures [Wang 2014, Novoselov 2016].
Heterostructures can have new emergent properties and functionalities beyond those displayed
by the constituent layers, providing an interesting platform for fundamental research and ap-
plications. For example, in transition metal dichalcogenide heterostructures, new excitonic
phenomena such as the formation of spatially indirect excitons [Calman 2016] or the inﬂuence
of the moiré potential on the intralayer exciton properties [Zhang 2018] can be observed.
The emergence of new properties in van der Waals heterostructures is caused by the elec-
tronic and structural changes induced by the neighbouring layers in each other [Novoselov 2016].
Depending on the symmetries and dimensions of the lattices of the layers and their relative
alignment, the heterostructure can be described either as a commensurate or incommensurate
superlattice [Yao 2018]. Commensurate lattices are characterized by a large-scale moiré inter-
ference pattern. This kind of pattern has translational symmetry and can be formed when
the superimposed lattices fulﬁl the condition: maA1 + na
A
2 = m
′aB1 + n
′aB2 where a
A,B
1,2 are the
primitive lattice vectors for the A and B layers and n,m, n′,m′ are integers. On the other hand,
incommensurate, nonperiodic heterostructures are formed when this condition is not fulﬁlled.
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Fig. 1.20 shows the schematics of the two diﬀerent types of heterostructures formed by bilayer
graphene stacked at diﬀerent twisting angles. The incommensurate superlattice has rotational,
but not translational symmetry and quasicrystalline order. Incommensurate structures are
harder to stabilize and thus less common in nature [Yao 2018].
Figure 1.20: Schematics of commensurate and incommensurate heterostructures formed by
bilayer graphene with diﬀerent twisting angles. The arrows mark the moiré reciprocal lattice
vectors of the commensurate superlattice. The patterns of the dodecagonal quasicrystal are
shown on the lattice in the right side of the schematics. After [Yao 2018].
Heterostructures can be formed artiﬁcially, by bottom-up synthesis [Jung 2014] or determin-
istic placement of the individual layers on top of each other [Frisenda 2018]. The deterministic
placement approach allows engineering structures with custom composition and properties but
suﬀers from the risk of contamination and introducing unwanted adsorbates. It is also technic-
ally challenging to control the correct alignment of the layers, crucial for the properties of the
heterostructure [Liao 2018, Nayak 2017]. A promising alternative approach is the top-down
exfoliation of natural heterostructures. Several naturally occurring minerals crystallize in a
layered form with diﬀerent types of layers alternating in the stacking direction and held to-
gether via van der Waals forces. These include complex compounds from the sulfosalt family.
In particular, this group includes minerals with SnS-like and Pb-S like weakly bound altern-
ating layers, such as cylindrite, coiraite, potosiite or franckeite [Williams 1988]. The diﬀerent
compounds have a diﬀerent number of atomic planes in the alternating layers as well as diﬀer-
ent atomic composition [Moelo 1997]. For example the PbS-like layer of franckeite is composed
of four atomic layers as opposed to two layers in cylindrite. Natural heterostructures have
attracted attention because of the superconducting transitions [Lafond 1997] and topological
insulator properties [Momida 2018] observed in [(Pb,Sb)S]2.28NbS2 and (PbSe)5(Bi2Se3)6. The
recent rediscovery of natural heterostructures is related to the development of various exfoliation
methods. Few-layer and single unit layer thick heterostructures were obtained via mechanical
and liquid phase exfoliation [Prando 2017, Molina-Mendoza 2017]. Franckeite, investigated in
this work, is a naturally occuring mineral which was ﬁrst discovered at the end of the XIXth
century [Stelzner 1893]. An approximate chemical formula of the material is FeSn3Pb5Sb2S14
although the exact composition may vary [Wang 1995, Heitz 1961]. Fig. 1.21 shows the sim-
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pliﬁed crystal structure of franckeite. The heterostructure is composed of pseudo-tetragonal
(referred to as Q or t) and pseudo-hexagonal (H) layers stacked in a HQHQ sequence. The
pseudo-hexagonal (H) layer has a NX2 structure, where N=Sn (majority of atoms) or Fe and
X=S. The pseudo-tetragonal layer (Q) is composed of MX compounds, M=Sn or Sb and Pb
and X=S [Gusmao 2018, Spiece 2018]. The stoichiometry can vary within a single Q or H layer.
Figure 1.21: Simpliﬁed schematics of the H and Q layers of franckeite viewed along the in-plane
direction. After [Gusmao 2018].
Franckeite is generally a p-type semiconductor [Burzuri 2018] with a narrow bandgap of
0.65 eV determined experimentally by diﬀuse reﬂectance spectroscopy [White 1998]. The ob-
served onset of absorption in the near-infrared region is consistent with the small bandgap
energy [Molina-Mendoza 2017]. DFT calculations of the electronic bandstructure performed
using a simpliﬁed stoichiometry of Pb3SbS4 for the Q layer and SnS2 for the H layer pointed
to a 0.36 eV direct bandgap in the Q layer and a 1.48 eV indirect bandgap in the H layer.
The approximate calculations for the Q-H heterostructure predicted an indirect gap of 0.35
eV [Velický 2017a]. Calculations by [Molina-Mendoza 2017] using an even more simpliﬁed PbS
and SnS2 stoichiometry suggested an indirect gap of 1-2 eV for the H layer and a narrower gap
of 0.5-0.75 eV at the X point of the Brillouin zone for the bulk franckeite crystal (Fig. 1.22).
The edge of the valence band lies closer to the Fermi level which suggests p-type doping of
the material [Molina-Mendoza 2017]. The vast majority of layered semiconducting materials,
including MoS2 and MoSe2, generally are n-type. P-type materials are less common among
layered materials and include WSe2 and environmentally unstable black phosphorus, which
makes p-type franckeite interesting from the point of view of devices [Molina-Mendoza 2017].
According to DFT calculations the valence band is composed mainly of H layer orbitals while
the conduction band is composed of the wave functions of the Q layer and as a consequence
franckeite is a type-II heterostructures [Molina-Mendoza 2017]. Fig. 1.22 shows the calcu-
lated band structure of franckeite and the Q and H layers. Heterostructure with type-II band
alignment have recently gained interest due to their ability to host interlayer excitons where
electrons and holes are spatially separated in the diﬀerent layers [Meckbach 2018].
Franckeite has shown a photoresponse over a wide spectral range, consistent with the cal-
culations of the dielectric function of the crystal [Ray 2017, Molina-Mendoza 2017]. It was
suggested that the photocarrier generation and recombination is strongly dominated by trap
states in the bandgap [Ray 2017]. Fig. 1.23 (a) shows the calculated imaginary part of the
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Figure 1.22: Band structure of the H layer (left), Q layer (middle) and of the franckeite crystal
(right). The band states originating from the H layer are marked in red, the band states
originating from the Q layer in blue. After [Molina-Mendoza 2017].
dielectric function of the Q and H layers and bulk franckeite. Fig. 1.23 (b) shows the photo-
current as a function of wavelength, after [Ray 2017]. Two peaks around 590 nm and 740 nm
correspond to the bandgaps of SnS2 and Sb2S3. Franckeite is stable under ambient conditions
[Prando 2017]. Stability, in addition to the moderate bandgap and photoresponsivity over a
broad wavelength range makes franckeite interesting for near-IR photodetector and photodiode
applications [Prando 2017]. Exfoliated franckeite has been used in electrocatalytic energy reac-
tions and showed very high hydrogen evolution performance [Gusmao 2018]. Strong anisotropic
third harmonic generation has been observed in franckeite, suggesting potential for applications
in nonlinear optical devices [Steinberg 2018].
To describe the crystal structure of franckeite we can adopt a notation of [001] for the out-of-
plane direction and [100] and [010] for the perpendicular in-plane directions. The Q and H layers
are incommensurate along the in-plane [010] direction [Velický 2017a]. The incommensurability
of two neighbouring layers introduces strain which can be relaxed via structural deformation.
This leads to a characteristic feature of franckeite and other misﬁt layered compounds, the
in-plane rippling with a periodicity along the [010] direction, revealed by transmission electron
diﬀraction and HRTEM [Williams 1988] as well as AFM and STM [Henriksen 2002] measure-
ments. Fig. 1.24 shows the AFM and HRTEM images of franckeite layers where the sinusoidal
long-range modulations can be seen.
Modulation has been observed also in high-angle, annular, dark-ﬁeld (HAADF) microscopy
which is sensitive to atomic composition [Wang 1995]. This suggests that the modulation has
both a structural and stoichiometric component. Fig. 1.25 shows the top and side projections
of the franckeite structure. A sinusoidal height variation is accompanied by the substitution of
lead for lighter Sn or Sb cations in the concave regions of the Q layer [Makovicky 2011]. The
modulation in franckeite has a wavelength of typically 4.7 nm [Wang 1995]. Interestingly, some
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Figure 1.23: (a) Calculated imaginary part of the dielectric function of isolated H and Q layers,
their sum and of bulk franckeite. (b) Photo-current spectra for diﬀerent temperatures and the
integrated intensity as a function of temperature (inset). After [Ray 2017].
Figure 1.24: Height mode AFM image (top) and cross-section taken along the qq′ direc-
tion. After [Henriksen 2002]. (b) and (c) HRTEM micrographs of franckeite layers. After
[Molina-Mendoza 2017]. All the images present a top-down view on the basal plane.
diﬀerent modulation wavelengths have also been observed for natural franckeite samples with
slightly varying chemical composition, in particular the Pb/Sn ratio [Henriksen 2002]. Fig. 1.26
shows the comparison of the rippled structure of cylindrite and franckeite. Smaller curvature
and larger wavelength of the ripples can be observed for the franckeite, possibly due to the
larger stiﬀness of the thicker Q layer [Wang 1991, Makovicky 2011].
The in-plane anisotropy and strain induced by rippling can have a strong inﬂuence on the
optoelectronic properties of the material, leading to linear dichroism or conductance anisotropy
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Figure 1.25: (a) Structure of the Q layer in the [100] and [001] projection. (b) Q-H layer pair
structure in the [100] projection. The substitution of Pb cations for Sn or Sb cations in the
concave region of the structure is visible. After [Makovicky 2011].
Figure 1.26: A structure model of (a) cylindrite and (b) franckeite in the [100] projection. t
marks the pseudo-tetragonal layer, h the pseudo-hexagonal layer. After [Wang 1991].
[Quereda 2016]. Therefore, it is important to determine the rippling direction of the ﬂakes. In
this work, we will show how this can be achieved using polarized Raman spectroscopy, which, in
comparison with AFM and TEM is a rapid and non-invasive method requiring minimal sample
preparation which can be used to determine the orientation of anisotropic materials.
Chapter 2
Experimental methods
Contents
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.1.1 Optical properties of anisotropic materials . . . . . . . . . . . . . . . . . . 26
2.1.2 Reflectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.1.3 Photoluminescence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.1.4 Raman spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.2 Experimental setups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
This chapter introduces the spectroscopic methods used to investigate the optoelectronic and
vibrational properties of the samples investigated in this thesis. The ﬁrst part describes the
optical properties of anisotropic materials. In the following sections, the microspectroscopy
setup and its adaptations for the particular spectroscopic methods are described.
2.1 Introduction
The optical properties of a crystal reﬂect the electronic band structure, the energy and sym-
metry of vibrational modes and the properties of excitonic states [Dresselhaus 2018]. Trans-
mission and reﬂectance spectroscopy allow to determine the frequency-dependent dielectric
function and the energies of the excitonic transitions or determine the bandgap. Photolumin-
escence spectroscopy can provide information about the recombination mechanisms, sample
composition, impurities and defect states. Raman spectroscopy is a sensitive probe of the vi-
brational properties of the lattice. In this thesis, a combination of these spectroscopic methods
was used to investigate the properties of atomically thin samples.
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2.1.1 Optical properties of anisotropic materials
When electric ﬁeld passes through a medium, a polarization is induced in the material and the
vector of electric displacement D can be deﬁned as:
D = εrε0E = ε0(1 + χe)E = ε0E+P (2.1)
where εr is the dielectric constant of the medium, ε0 is the vacuum permittivity, χe is the
dielectric susceptibility, P is the polarization and E is the electric ﬁeld strength. The polariz-
ation ﬁeld P = ε0χeE accounts for the displacement of charges in the medium. The complex
electric susceptibility and dielectric function can be used to describe the material response dur-
ing a periodic variation of E in time, for example for an electromagnetic wave propagating in
a crystal [Dressel 2002]:
χ˜ = χ1 + iχ2 =
( ε˜
ε0
− 1) (2.2)
ε˜ = ε1 + iε2 (2.3)
This approach allows us to describe both the changes in magnitude of the D and E ﬁelds and
the phase shift between them. The refractive index n and the extinction coeﬃcient k can be
used to describe the propagation and dissipation of electromagnetic waves in a medium. They
correspond to the real and imaginary component of the complex refractive index:
n˜ = n+ ik (2.4)
Components of n˜ can be expressed in terms of the real and imaginary part of the complex
dielectric constant:
n2 =
1
2
(√(
ε21 + ε
2
2
)
+ ε1
)
(2.5)
k2 =
1
2
(√(
ε21 + ε
2
2
)− ε1) (2.6)
In an isotropic material, χe is a scalar and P and E are parallel and the magnitude of the
polarization vector does not depend on the direction of the incident electric ﬁeld. In anisotropic
materials, the susceptibility can be represented in the form of a tensor which can be reduced
to a diagonal form:
χˆe =

χ˜xx 0 00 χ˜yy 0
0 0 χ˜zz

 (2.7)
where at least one of the eigenvalues χ˜ii is not equal to the remaining ones. The polarization
is then given as:
P = ε0χ˜xxExxˆ+ ε0χ˜yyEyyˆ+ ε0χ˜zzEz zˆ (2.8)
Anisotropy of the susceptibility results in the direction dependent character of the absorption
and propagation of light in the medium. In an anisotropic medium, P and E do not have to be
colinear. The refractive index and as a consequence the speed of light v = c/n depends on the
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propagation and polarization directions of light. If for example χ˜xx = χ˜yy 6= χ˜zz, the crystal
is uniaxial with two diﬀerent refractive indices for light polarized in the xy plane and for light
polarized along the z direction. If a light wave propagates along z and the electric ﬁeld vector is
only in the xy plane, the propagation speed will not depend on the polarization. This direction
in the crystal is called an optical axis. However, if the direction of propagation is diﬀerent
so that orthogonally polarized components of the light beam experience diﬀerent refractive
indices, the beam will be split in two rays which refract at diﬀerent angles in a phenomenon
called birefringence. If all χ˜ii are unequal, the crystal is biaxial with two diﬀerent optical axes.
Dichroism refers to the property of a material when one of the polarization components of light
is absorbed more strongly as a result of the anisotropy of k. The ability of the crystal to absorb
diﬀerent wavelengths of light depending on the polarization leads to pleochroism, observed as
changes of the color of the material when viewed at diﬀerent angles.
Optical transitions in a semiconductor can be described in a phenomenological way by
the Lorentz model of driven damped oscillators. This model applies the concept of a classical
oscillator to the interaction of the medium with an electromagnetic wave to model the dielectric
constant on a microscopic level. Inside the material the electromagnetic wave can induce
polarization due to diﬀerent mechanisms, such as interaction with bound and free carriers,
excitons or ions in the lattice. Each of these processes will contribute to the total electric
displacement, which can be expressed as:
D = ε0E+Pbackground +Presonant (2.9)
Pbackground is the background polarization and Presonant is the term related to the resonant
interactions of the diﬀerent dipoles in the medium with the oscillating electric ﬁeld. The
frequency-dependent dielectric constant includes contributions related to the diﬀerent oscillators
in the medium:
εr(ω) = 1 + χbackground +
∑
n
χn(ω) = 1 + χbackground +
∑
n
An
ω20n − ω2 + iΓnω
(2.10)
where ω0n is the resonance frequency, Γn the width of the resonance of the n-th oscillator
(related to the damping constant in the Lorentz model) and An a phenomenological parameter
called the oscillator strength related to the intensity of the n-th transition.
In anisotropic materials, the oscillator strength of resonant transitions depends on the dir-
ection of polarization of the absorbed or emitted light. This can be understood by relating
the phenomenological parameter An to the transition matrix elements describing the radiat-
ive transition probabilities in the quantum model of light-medium interaction. Coupling of
a single-electron atom to a time-dependent electromagnetic ﬁeld can be described using the
Hamiltonian:
Hˆ =
1
2m
(pˆ+ eA(r, t))2 − eφ(r, t) + V (r) (2.11)
where pˆ is the momentum operator, A is the magnetic vector potential, m is the eﬀective mass,
e the elementary electric charge, φ the electric scalar potential and V (r) is the binding Coulomb
potential of the atomic nucleus. The term:
Hˆpara =
e
m
A(r, t) · pˆ (2.12)
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describes the paramagnetic term of the coupling of the electron to the electromagnetic ﬁeld,
related to single photon emission and absorption. The rate of spontaneous optical transitions
can be described by Fermi’s Golden Rule [Fermi 1932]. The Hˆpara can be treated as a time
dependent perturbation and the transition probability between two states a and b per unit time
will be given as:
Γa→b(t) =
2π
~2
| < ψb|Hˆpara|ψa > |2δ(Eb − Ea) (2.13)
where Eb and Ea are the energies of the ﬁnal and initial state. In the electric dipole approxim-
ation, e−i~k~r ≈ 1, that is assuming that the wavelength of the incident light is much larger than
atomic dimensions, the interaction term can be written as:
Hˆpara ≈ eEˆ(r, t) · r = Eˆ(r, t) · dˆ (2.14)
where dˆ is the dipole moment related to the transition. If the time dependence of the electric
ﬁeld has an oscillating form E(r, t) = cos(ωt), the transition probability becomes
Γa→b(t) =
2π
~2
| < ψb|Eˆ(r) · dˆ|ψa > |2δ(Eb − Ea − ~ω) (2.15)
corresponding to the absorption of the radiation of frequency ~ω. The matrix element:
|Mˆab|2 = | < ψb|Eˆ(r, t) · dˆ|ψa > |2 (2.16)
depends on the relative orientation of the transition dipole moment, the electric ﬁeld vector
and the symmetries of the wave functions of the initial and ﬁnal states. All these factors can
contribute to the dependence of the oscillator strength, which is proportional to the transition
matrix element Aab ∝ |Mˆab|2, on the polarization direction of resonantly absorbed or emitted
light. The anisotropy of the oscillator strength for diﬀerent transitions contributes to the
eﬀective anisotropy of the dielectric constant of the medium.
2.1.2 Reflectivity
Reﬂectance measurements are a useful method to investigate interband and excitonic transitions
in semiconductors. Light falling on an optical boundary can be reﬂected or propagate in the
medium, where it can be transmitted, scattered or absorbed. The reﬂectivity R, absorbtance
A, transmittance T and energy losses due to scattering L fulﬁl the energy conservation law for
the radiation reﬂected from and propagating in a material:
A+ L+R+ T = 1 (2.17)
Reﬂectance at the boundary of diﬀerent optical media is deﬁned as the ratio of reﬂected
to incident optical power. Reﬂection at the surface of an optical medium can be deﬁned by
the complex reﬂection coeﬃcient r˜ which is equal to the ratio of the amplitudes of the electric
ﬁelds of the reﬂected and incident wave. Reﬂectivity R is the square of its modulus R = |r˜|2.
For normal incidence R can be expressed as a function of the indices of refraction n1 (entrance
medium), n2 (reﬂecting medium) and extinction coeﬃcients k1 and k2:
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R =
(n2 − n1)2 + (k2 − k1)2
(n2 + n1)2 + (k2 + k1)2
(2.18)
Reﬂectivity depends on both the real and imaginary part of the dielectric function. For thin
layered media, eﬀects related to multiple internal reﬂection and interference can modify the
observed reﬂectance spectrum of the sample. In such cases reﬂectance is not the same as
reﬂectivity, which describes the reﬂection for a simple, homogenous, ﬂat interface, and can
strongly depend for example on the sample thickness. Anisotropy of the complex dielectric
constant can result in the observation of polarization dependent features in the reﬂectance
spectrum.
2.1.3 Photoluminescence
Photoluminescence (PL) is a process in which light is emitted after the material is excited
by optical radiation. Fig. 2.1 shows the schematics of processes that lead to luminescence
emission in a semiconductor [Dresselhaus 2018]. The ﬁrst type of transitions involves defect
and impurity states. The second are interband transitions, including band edge emission and
higher energetic hot luminescence involving non-thermalized higher energy carriers. The last
type of emission is related to the intraband relaxation of higher energetic carriers. Finally,
recombination can occur from excitonic states below the bandgap (Fig. 2.1 (g)). The energy
of the emitted photons corresponds to the energy diﬀerence between the excited and ground
state. If the emitted light has a lower energy than the absorbed photons, the energy diﬀerence
between the absorption and emission maxima, which depends on the relaxation mechanisms,
for example vibrational relaxation or the presence of trap states, is referred to as the Stokes
shift.
Figure 2.1: Luminescence recombination processes in a semiconductor: (a) conduction band
to acceptor, (b) donor to valence band, (c) donor to acceptor, (d) band edge emission, (e)
hot PL emission, (f) intraband relaxation processes, (g) recombination from an excitonic state.
Adapted from [Dresselhaus 2018].
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The photoluminescence spectrum can be a source of information about the electronic struc-
ture of the material, relaxation mechanisms in the crystal as well as the thermal distribution of
electrons, holes and excitons. In an anisotropic crystal, the photoluminescence emission from
excitonic states can be strongly linearly polarized due to the anisotropy of optical constants
and excitonic wave functions.
2.1.4 Raman spectroscopy
2.1.4.1 Principle of Raman scattering
Raman spectroscopy, based on the phenomenon of scattering of light, is a non-invasive and
versatile method to investigate the properties of crystalline materials. It can be used to obtain
information about the electronic structure, phonon dispersion and electron-phonon interaction
and doping, strain or number of layers of the material. Polarization-resolved Raman spec-
troscopy can be used to determine the symmetries of vibrational modes and the crystalline
orientations of layered materials with in-plane asymmetry [Wu 2019].
Fig. 2.2 (a) shows a schematic illustration of the energy levels for diﬀerent scattering pro-
cesses. The incoming photon causes the system to transition from the ground state to an inter-
mediate state, from which it relaxes emitting a photon of the same (elastic Rayleigh scattering)
or diﬀerent wavelength (Raman Stokes- and anti-Stokes scattering). For non-resonant Raman
scattering the intermediate states are virtual, while for resonant scattering where the excitation
energy matches an electronic transition in the material the states are real, which signiﬁcantly
enhances the observed intensity of the transitions [Cardona 1982]. Resonant Raman scattering
can provide information about the electronic structure of the sample [Leite 1966, Scott 1969].
Energy is conserved during the scattering process: the change of the photon energy occurs
due to interaction with phonons or other excitations in the crystal, for example electronic
excitations (electronic Raman scattering [Cardona 1982]) or defects. For scattering involving
phonons, the diﬀerence in energy between the initial and ﬁnal state in the case of Stokes and
anti-Stokes Raman scattering is equal to the energy of the phonon created or annihilated in
the process. Momentum also has to be conserved during the scattering process, thus given the
small momentum carried by a photon in the visible range only phonons at or near the center
of the Brillouin zone can take part in ﬁrst-order Raman scattering. Higher-order processes can
involve modes from the whole Brillouin zone. Fig. 2.2 (b) shows the schematics of a typical
ﬁrst-order Raman spectrum with the Stokes, Rayleigh and anti-Stokes lines. The intensities of
the Raman lines are lower than the intensity of the elastically scattered light. The Stokes and
anti-Stokes line intensities are related by a temperature dependent factor due to the phonon
statistics. The probabilities of both processes depend on the initial occupation of the phonon
states. The average phonon occupation number 〈n〉 is given by the Bose-Einstein statistics:
〈n〉 = 1
exp
(
~Ω
kBT
)
− 1
(2.19)
and is a function of the temperature T and phonon frequency Ω. Stokes scattering involves the
creation and the anti-Stokes process the annihilation of a phonon. The intensity ratio of the
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Stokes and anti-Stokes line is equal to:
IStokes
Ianti−Stokes
=
〈n〉+ 1
〈n〉 = exp
(
~Ω
kBT
)
(2.20)
Figure 2.2: (a) The schematics of the energy levels in elastic and inelastic scattering processes.
The arrows mark the incoming and scattered photons. (b) Schematics of a Raman spectrum
showing the Stokes and anti-Stokes lines and the Rayleigh elastically scattered line.
The Raman scattering process can be described in the classical picture of an electromagnetic
wave interacting with the material. The local dipole moment p induced in the material when a
molecule or atoms in the crystal are subjected to external electric ﬁeld and the electric ﬁeld of
the incident light are related by the polarizability αˆ: p = αˆ ·E. The Clausius-Mossotti relation
relates the dielectric constant εr, which describes the dependence of the induced polarization
on the incident electric ﬁeld, to the atomic or ionic polarizabilities of the diﬀerent species in
the crystal αi:
εr − 1
εr + 2
=
∑
i
Niαi
3ε0
(2.21)
where N is the density of the atoms or ions exhibiting polarization. In a general case, αˆ is a
tensor, the elements of which are deﬁned by the vibrational mode symmetry:
αˆ =

αxx αxy αxzαyx αyy αyz
αzx αzy αzz

 (2.22)
From Eq. 2.21 it can be seen that the anisotropy of the dielectric constant and polarizabil-
ities in the crystal are related. For an oscillating electric ﬁeld of the incoming electromagnetic
wave with the frequency ν0:
E = E0 cos(2πν0t) (2.23)
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the induced dipole moment can be approximated as:
P = αˆ0E0 cos 2πν0t+
1
2
E0Q
0
k
( ∂αˆ
∂Qk
)
0
[
cos 2π(ν0 + νk)t+ cos 2π(ν0 − νk)t
]
(2.24)
where νk is the frequency of the k-th vibrational mode involved in the scattering process, αˆ is the
polarizability tensor and Qk is the displacement along the normal coordinate. The oscillating
dipole moment is the source of the scattered radiation. The term describing oscillations with
ν0 frequency is related to elastic scattering. The presence of the terms with (ν0 + νk) and
(ν0 − νk) frequencies is related to the anti-Stokes and Stokes processes, respectively. From Eq.
2.24 it can be seen that the condition for the appearance of bands with modiﬁed frequency is
the nonzero value of ∂αˆ/∂Qk at the equilibrium position. This deﬁnes the Raman selection
rules: while for an IR mode to be observed the net dipole moment has to change, for a mode
to be Raman active a change of polarizability has to take place during the vibration. While
the Rayleigh scattering is deﬁned by the equilibrium polarizability of the molecule, for the
inelastic scattering to occur the derivative of polarizability along the vibration direction has to
be nonzero. The Raman tensor [Meyer 2010]:
Rˆ(ν) =
[∂αˆ(ν)
∂Q
]
Q=0
(2.25)
is deﬁned by the point group of the crystal and the symmetry of the vibrational mode.
Fig. 2.3 shows the normal vibrational modes of a linear triatomic molecule, such as CO2, and
the corresponding derivatives of the polarizability and dipole moment with respect to the normal
vibration direction, after [Dietzek 2011]. For the symmetric stretch vibration, the polarizability
changes monotonically as a function of nuclear displacement, leading to a nonzero derivative of αˆ
around the equilibrium position. This mode is Raman active. For the antisymmetric stretching
and bending vibrations, the dipole moment changes sign around the equilibrium position. These
modes do not contribute to Raman scattering, but due to the nonzero derivative of the dipole
moment they are IR-active.
2.1.4.2 Polarized Raman spectroscopy
Polarized Raman spectroscopy is a useful method in the study of anisotropic materials [Wu 2019].
In particular, in materials with low symmetry it allows for the identiﬁcation of the crystalline
orientation of the sample relative to the measurement geometry, as has been demonstrated for
example for black phosphorus, MoTe2 or ReS2 [Wu 2015, Chenet 2015, Song 2017]. Resonant
Raman scattering measurements on few layer WS2 have shown that taking into account the
polarization dependence of the mode intensity is necessary to reach correct conclusions when
using the relative shift of the Raman peaks to determine the number of layers [Mitioglu 2014].
The Raman scattering eﬃciency is dependent on the form of the Raman tensor and the
scattering geometry. If the incident and scattered photons have polarizations in the directions
of unit vectors ei and es, the scattering eﬃciency is given by the equation [Loudon 2001]:
S = A
[ ∑
ρ,σ=x,y,z
eσi Re
ρ
s
]2
= A|ei ·R · es|2 (2.26)
where Rˆ is the Raman tensor, A a proportionality constant, and eσi and e
ρ
s are the components
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Figure 2.3: Normal modes of a three-atomic molecule. The orange curve shows the derivative
of the polarizability with respect to the vibration direction and the blue curve, the derivative
of the dipole moment. After [Dietzek 2011].
of the unit vectors along the σ and ρ axes. Rˆ is deﬁned in the σρ coordinate system related to
the crystalline axes directions.
To describe the scattering intensities observed in the geometry of the experimental setup, the
Rˆ tensor has to be transformed from the coordinate frame related to the crystalline directions.
If the incident and scattered light propagate along the z axis, perpendicular to the sample, and
the angle between ei and the crystalline orientation in the xy plane is θ, the Raman tensor
in the measurement coordinates can be deﬁned as Rˆ′ = rRˆrt. r is the transformation matrix
[Wu 2019]:
r =

 cos θ sin θ 0− sin θ cos θ 0
0 0 1

 rt =

cos θ − sin θ 0sin θ cos θ 0
0 0 1

 (2.27)
The observed Raman intensity depends on the angle θ. Typically, in a polarization-resolved
Raman scattering experiment the direction of the excitation polarization will be rotated in-
plane relative to the sample and the scattered light will be detected in two polarizations:
the co- and cross- detection polarization, when the incident light and detection polarization
directions are respectively parallel or perpendicular. In the parallel conﬁguration, the Raman
intensity is dependent only on the diagonal elements of the transformed Rˆ′ Raman tensor. In
the cross-polarized conﬁguration, the intensity is determined by the oﬀ-diagonal elements of
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Rˆ′ [Wu 2019]. This can be demonstrated for example for the A1 mode in triclinic crystals, as
shown in the example of WTe2 [Song 2016b]. The Raman tensor for the A1 mode before and
after the transformation to measurement coordinates has the form:
R =

a 0 00 b 0
0 0 c

R′ =

a cos2 θ + b sin2 θ (b− a) sin θ cos θ 0(b− a) sin θ cos θ a sin2 θ + b cos2 θ 0
0 0 c

 (2.28)
and the angular dependence of the intensity in the co- and cross-polarized conﬁgurations is
given by:
Ico ∝ a2
(
1 +
( b
a
− 1
)
sin2(θ)
)2
(2.29)
Icross ∝ 14a
2
( b
a
− 1
)2
sin2 2(θ) (2.30)
which results in the characteristic two-lobed or four-lobed shape in the polar plot of intensity,
as shown in Fig. 2.4. The degree of in-plane anisotropy is reﬂected in the diﬀerence between
the a and b coeﬃcients of the Raman tensor. For a = b, there is no in-plane asymmetry and the
intensity in co-polarization does not depend on the polarization angle, while no scattered light
can be observed in the cross-polarization. Fig. 2.5 shows the calculated angular dependence of
the A1 mode for diﬀerent a/b ratios to illustrate the eﬀect of anisotropy.
Figure 2.4: Polarization direction dependence of the Raman intensity for the 80 cm−1 A1 mode
in WTe2 in the (a) parallel and (b) perpendicular conﬁguration. After [Song 2016b].
In absorptive materials the elements of the Raman tensor are complex, which leads to
more complicated polarization dependences. A detailed discussion is presented in Chapter 5.
Observing the changes of the Raman mode intensities as a function of the in-plane direction of
the linear polarization of the excitation beam can be a method to determine both the symmetry
of the vibrational mode and the orientation of the crystalline axes of the sample.
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Figure 2.5: Calculated Raman mode intensity in the co- (left) and cross-polarization (right) for
diﬀerent ratios of the a/b A1 mode Raman tensor elements.
2.2 Experimental setups
All of the spectroscopy measurements in this work were performed in backscattering geometry.
Fig. 2.6 shows the general schematics of the excitation and detection path in this conﬁguration.
The light coming to the sample along the excitation path is reﬂected from a beamsplitter and
directed towards the sample at a normal incidence angle. Light reﬂected or emitted from the
sample along the normal direction passes through the beamsplitter and is directed towards
the spectrometer, where it is dispersed and detected. The same lens or objective focuses the
incident light and collects the signal.
Figure 2.6: Schematics of a setup in backscattering geometry.
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The scheme of the experimental setup at the LNCMI Toulouse is shown in Fig. 2.7. The
µ-spectroscopy setup at the Institute of Physics of the Polish Academy of Sciences which was
used for some of the reﬂectivity measurements was built according to a similar principle. The
samples are placed in a helium ﬂow cryostat equipped with a temperature controller and xy
translation stages. The incident light is directed to either a dichroic mirror or a cube beamsplit-
ter. In particular a 50/50 nonpolarizing cube beamsplitter was used for all polarization-resolved
measurements to avoid artifacts related to the polarizing properties of the dichroic mirror. The
light is then focused on the surface of the sample using a long working distance 50 x objective
with 0.66 N.A. A long working distance objective is necessary because of the separation between
the sample and the optical window. The collected signal passes back through the objective and
through the beamsplitter and is directed by mirrors towards the spectrometer.
For photoluminescence measurements, a CW solid state or gas laser or the pulsed output of
a tunable optical parametric oscillator pumped by a mode-locked Ti:Sapphire laser in free beam
geometry was used. For reﬂectivity measurements, white light from a halogen lamp was coupled
into an optical ﬁber which was mounted on a collimator in the optical path. Flip mounts on
which mirrors and collimators are mounted allow to alternate between the diﬀerent excitation
sources. Typically the setup is used in the µ-spectroscopy conﬁguration where the excitation
beam passes through a spatial ﬁlter composed of two lenses and a pinhole aperture placed in
between. The pinhole aperture is placed in the foci of both lenses. This allows to probe the
sample with a diﬀraction limited spot and obtain high spatial resolution. Alternatively, for
macro-reﬂectivity measurements or optical imaging of the sample surface the light from the
lamp can be coupled into the excitation path without passing through the pinhole.
In the detection path, a lens is used to focus the signal on the monochromator entrance slit.
For photoluminescence and Raman measurements a long-pass ﬁlter and/or edge ﬁlter is placed
in front of the monochromator to reject elastically scattered light from the laser. Inside the
monochromator, the light is dispersed using diﬀraction gratings and directed to the detector, a
nitrogen-cooled CCD camera. To obtain an optical image of the sample surface, which enables
positioning the excitation spot on the region of interest, a mirror on a ﬂip mount can be used
in the detection path to direct the reﬂected white light in the macro conﬁguration to a small
CCD camera.
For linear polarization resolved measurements, polarizing optics were placed in the excitation
and/or detection path. For controlling the excitation polarization relative to the sample, a Glan-
Taylor polarizer was placed in the excitation beam to clean the polarization and a λ/2 waveplate
was used to rotate the polarization direction. Similarly, for polarization-resolved detection in
PL and reﬂectivity measurements a linear polarizer was ﬁxed in the detection path to assure the
same relative orientation of the polarization direction of the signal and the diﬀraction gratings
inside the spectrometer, which are sensitive to polarization. A half waveplate was rotated in
front of the polarizer to sample diﬀerent polarization directions of the incoming light.
The same setup that has been used for the µ-PL and reﬂectivity measurements has been
adapted for the Raman measurements in diﬀerent polarization conﬁgurations. Fig. 2.8 shows
the simpliﬁed layout of the setup used for polarized Raman measurements. A linear polarizer
and half-waveplate placed in a rotating motorized mount in the excitation beam were used
to control the excitation polarization direction. A nonpolarizing 50/50 cube beamsplitter was
used and a linear polarizer was placed in the detection path before the spectrometer. For every
position of the λ/2 waveplate in the excitation beam, the linear polarizer was rotated so that
light polarized parallel or perpendicular to the polarization direction of the excitation beam
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Figure 2.7: The general layout of the µ-spectroscopy setup at the LNCMI-Toulouse.
could be detected. In this conﬁguration, to account for the polarizing properties of the gratings
inside the spectrometer, the spectra had to be normalized by the intensity of the laser line in
the copolarized conﬁguration.
Figure 2.8: Schematics of the setup for polarized Raman scattering measurements.
Raman mapping measurements were performed in the Institute of Physics of the Polish
Academy of Sciences in Warsaw in collaboration with D. Włodarczyk and Prof. A. Suchocki.
A commercial Raman microscope system, MonoVista CRS+ from Spectroscopy and Imaging
GmbH equipped with a Trivista Triple Raman Spectrometer and a CCD detector was used. The
sample was placed on a motorized XYZ stage driven by a stepper motor and piezo actuators
which enabled precise point by point mapping. The 532 nm and 785 nm lines of CW lasers were
used as excitation. The power could be adjusted by neutral density ﬁlters. The microscope
system was equipped with a 100 x objective with N.A. 0.9, enabling the focusing of the beam
to a spot of around 1 µm diameter on the sample.
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In this chapter, we present a study of the inﬂuence of h-BN encapsulation on the vibrational
properties of few layer black phosphorus. In the ﬁrst part, Raman scattering in black phosphorus
is discussed. Section 3.2 describes the investigated h-BN encapsulated BP samples and section
3.3 presents the results of µ-Raman characterization of the samples. We observe a theoretically
predicted new Raman mode at energies slightly higher than the A1g mode in few-layer samples.
We explain the appearance of this mode by a change of the phonon frequencies in the surface
layers relative to the frequencies in the inner layers. We discuss this eﬀect in the context of
interlayer coupling and strain and changes of the lattice properties in the outer layers. We also
observe a narrowing of the Raman lines in encapsulated material and the absence of photo-
luminescence, which conﬁrms the good quality of encapsulated BP and the eﬀective protection
against degradation. The content of this chapter has been partially published in [Urban 2017].
3.1 Raman scattering in black phosphorus
Raman spectroscopy has been extensively used to investigate the vibrational properties of black
phosphorus [Castellanos-Gomez 2014, Lu 2014, Favron 2015, Phaneuf-L’Heureux 2016]. Both
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monolayer and bulk black phosphorus belong to the D2h point group [Ribeiro 2018]. The unit
cell of phosphorene contains 4 atoms, resulting in 12 phonons at the center (Γ point) of the
Brillouin zone:
Γ = 2Ag ⊕B1g ⊕B2g ⊕ 2B3g ⊕A1u ⊕ 2B1u ⊕ 2B2u ⊕B3u (3.1)
The calculated phonon dispersion of monolayer BP is shown in Figure 3.1. The 12 phonon
branches include 3 acoustic (B11u, B
1
2u and B3u) and 9 optical phonons. Six of the optical
modes with even parity are Raman active: B1g, B2g, 2B3g and 2Ag while ﬁve modes with
odd parity are infrared (IR) active : 2B1u, 2B2u, B3u. The Au mode is optically inactive
[Luo 2015a].
Figure 3.1: Phonon dispersion of monolayer BP after Hu et al. [Hu 2016]. The black, blue and
red colors mark Raman-active modes observed in backscattering geometry. LA, TA and ZA
label the acoustic modes.
In the coordinate system where the y direction is perpendicular to the crystal plane, x
corresponds to the armchair, and z to the zigzag direction, the Raman tensors of the active
modes have the following form [Ribeiro 2018]:
R(Ag) =

a · ·· b ·
· · c

 , R(B1g) =

 · d ·d · ·
· · ·


R(B2g) =

 · · f· · ·
f · ·

 , R(B3g) =

· · ·· · g
· g ·

 (3.2)
In the backscattering geometry light propagates perpendicularly to the layer planes, so that
the polarization of the incident and scattered light is only in the xz plane. As a consequence,
only the Ag and B2g symmetry modes can be observed in this geometry [Ribeiro 2018].
3.1. Raman scattering in black phosphorus 41
Figure 3.2 (a) shows the schematics of the three Raman modes which are observed in the
backscattering geometry with the directions of the movement of atoms marked by arrows and
(b) a typical Raman spectrum we measured on a thick BP ﬂake on Si substrate using 532
nm excitation. The A1g mode around 365 cm
−1 corresponds to the movement of the atoms in
the out-of-plane z direction, the A2g around 470 cm
−1 to the movement mainly along the x
(armchair) direction and B2g around 440 cm−1 for movement along the y (zigzag) direction.
(a) (b)
Figure 3.2: (a) The vibrational Raman-active modes A1g, A
2
g and B2g. Arrows mark the direc-
tions of the displacement of the atoms. (b) typical Raman spectrum (532 nm excitation) of a
thick BP ﬂake on Si/SiO2 substrate.
Changes relative to the monolayer spectrum can be observed for few-layer crystals. Figure
3.3 (a) shows the Raman B2g and A2g modes of BP for a varying number of layers [Ribeiro 2018].
The B2g peak shows only very small changes in energy while the A2g shows a more clear redshift
with increasing thickness. For bilayer and thicker BP a second peak appears on the high-
energy side of the A2g mode. In contrast to monolayer and bulk crystals, in few layer material
the translational symmetry along the out-of-plane direction is broken. As a consequence, the
unit cell of a few-layer BP ﬂake contains 4n atoms. This leads to the appearance of 12n
vibrational modes which can be considered as the in-phase and out-of-phase combinations
of monolayer modes in opposed layers [Phaneuf-L’Heureux 2016]. Flakes with an even (with
inversion symmetry) and odd (without inversion symmetry) number of layers belong to diﬀerent
space groups. The change in symmetry can lead to the emergence of new Raman-active modes
via the mechanisms of Davydov splitting and mode conversion [Ribeiro 2018, Luo 2013a]. If
the new Raman-active modes can be resolved spectrally, the appearance of a larger number of
modes at frequencies slightly diﬀerent from the frequency of the original mode due to the eﬀect
of coupling between the layers is referred to as Davydov splitting. The generation of IR active
modes from the out-of-phase combinations of Raman modes, as well as the generation of Raman-
active modes from a combination of IR modes is referred to as Davydov mode conversion. In
BP, the frequency of the IR-active B2u mode is very close to that of the Raman-active A2g mode.
A combination of two B2u IR modes B2u⊗B2u gives rise to the A2g(B2u) mode, approximately
4 cm−1 above the A2g mode. The relative intensity of the A
2
g(B2u) mode is stronger for a
42 Chapter 3. Vibrational properties of encapsulated black phosphorus
small number of layers where the thickness of the material does not exceed the interaction
range of a single layer with its neighbours [Phaneuf-L’Heureux 2016]. The A2g(B2u) mode is
particularly strong for bilayer and its relative intensity decreases with increasing thickness
before disappearing completely in bulk, as can be seen in Fig. 3.3 (a).
Figure 3.3: (a) Raman spectra of BP showing the B2g and A2g modes for a diﬀerent number
of layers. After [Ribeiro 2018]. (b) Low frequency branches of Raman interlayer compression
modes as a function of the number of layers, after [Dong 2016].
With increasing thickness from phosphorene to bulk BP, the varying lattice parameters
lead to changes of the mode energies [Hu 2016]. In conventional weakly coupled layered
materials, the interlayer interaction is expected to cause an increase in the optical mode
frequencies with thickness, as described by the classical coupled harmonic oscillator model
[Lu 2014, Wieting 1972]. The interlayer van der Waals forces are expected to increase the
restoring forces experienced by the atoms. This can lead to a blueshift of the Raman peaks
with increasing thickness, as has been previously observed for example in MoS2 [Lee 2010]. In
addition, long-range electrostatic interaction can strongly modify the lattice dynamics, which
has been demonstrated for example in β-GaSe [Wieting 1972] and more recently for MoS2,
MoSe2, WS2 and WSe2 [Lee 2010, Luo 2013a, Tonndorf 2013, Lee 2015, Molina-Sánchez 2011].
In these materials, an anomalous behaviour has been observed, namely a blueshift of the A1g and
a redshift of the E12g modes with increasing thickness. The redshift of the in-plane E
1
2g mode was
explained via an enhancement of the dielectric screening with thickness [Lee 2015, Lee 2010].
In black phosphorus, a noticeable redshift of the A2g mode and slightly smaller redshift of the
B2g mode was observed. The A1g mode does not shift signiﬁcantly with thickness [Favron 2015].
This behaviour of the modes indicates the presence of eﬀects related to strong interlayer inter-
action in BP. In the work of [Phaneuf-L’Heureux 2016], a mode slightly above the A1g mode was
observed in the spectrum of the monolayer, but could not be clearly distinguished in thicker
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ﬂakes. A similar observation of additional modes in the proximity of the A1g and A
2
g peaks
for few-layer BP was made by [Favron 2018]. The newly observed modes were interpreted as
related to defect-activated second-order Raman processes and their presence was not correlated
directly to changes of thickness.
Low energy shear and breathing interlayer modes appear in the Raman spectrum of few-layer
2D materials [Ribeiro 2018]. Figure 3.3 (b) shows the low-frequency Raman modes for diﬀerent
BP thicknesses. Observing their evolution with thickness can be a method of determining the
interlayer force constants, because the frequency of the modes depends on both the number of
layers and the strength of the interlayer coupling [Tan 2012, Luo 2015a]. The changes of these
low-frequency interlayer Raman mode frequencies with thickness are much larger for BP than
for other materials such as MoS2 and WSe2 due to the signiﬁcantly stronger interlayer coupling
[Luo 2015a, Hu 2016].
The vibrational properties of thin layered materials, reﬂected by the Raman spectrum, are
sensitive to factors such as external environment or strain [Ribeiro 2018]. Changes of the Raman
spectral features, such as intensity variations and the emergence of a new mode with respect
to the pristine material have been observed in stacked heterostructures, including h-BN-TMD
systems [Ding 2018]. The vibrational properties of layers neighbouring with another material
diﬀer from the properties of isolated layers [Ding 2018, Hu 2016]. In the following sections, our
experimental results, in particular an analysis of the changes of the vibrational properties of
BP in contact with h-BN, will be presented.
3.2 Samples characterization
The following section describes the preparation of the investigated h-BN encapsulated BP
samples and their characterization using AFM imaging.
3.2.1 Preparation of encapsulated samples
The samples investigated in this work were few-layer thick BP ﬂakes encapsulated in multilayer
h-BN and deposited on Si/SiO2 substrates. The samples were prepared at the Hong Kong
University of Science and Technology in the group of Prof. Ning Wang by Gen Long and
Dr Yang Wang. The detailed technique of producing the encapsulated heterostructures is
described in reference [Chen 2015]. A schematics of the used polymer-free van der Waals
transfer technique is presented in Figure 3.4 (a). Thin BP ﬂakes were micro-mechanically
cleaved from a bulk single crystal and deposited on Si/SiO2 substrates. Two h-BN ﬂakes were
deposited respectively on another Si/SiO2 substrate and on a PMMA ﬁlm. The BP ﬂake was
then picked up by the h-BN ﬂake placed on the polymer ﬁlm and the h-BN-BP heterostructure
was deposited on top of the h-BN ﬂake on the Si/SiO2 substrate to form a h-BN/BP/h-BN
heterostructure as presented in Fig. 3.4 (b).
Optical micrographs of the samples allowed us to identify interesting few-layer ﬂakes. Figure
3.5 shows an optical image of one of the investigated ﬂakes. Diﬀerent optical contrast in the
microscopic images indicates diﬀerent thickness of BP and h-BN.
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Figure 3.4: (a) Schematic of the encapsulated sample fabrication process, after [Chen 2015] and
(b) crystal structure of BP encapsulated in h-BN.
Figure 3.5: Optical micrograph of the investigated h-BN encapsulated black phosphorus ﬂake
on Si/SiO2 substrate. The area where the top and bottom h-BN are overlaid is marked by a
dashed line.
3.2.2 Thickness determination by AFM
AFM imaging was used to determine the number of BP layers in the investigated ﬂakes. The
AFM measurements were performed by Dr Marta Aleszkiewicz at the Institute of Physics,
Polish Academy of Sciences in Warsaw. A contact-mode topographic image of a ﬂake (referred
to later as ﬂake 2) as well as height proﬁles extracted from the image and ﬁtted with sigmoid
functions are presented in Figure 3.6. Based on the AFMmeasurements it was possible to obtain
qualitative information about the relative thickness of the sample regions. From proﬁles 2,3
and 4 height diﬀerences of of 16.6 nm, 4.4 nm and 5 nm respectively could be determined. The
AFM image clearly indicates that the thinnest region present in ﬂake 2 is the one corresponding
to proﬁle 1 with a height of 3.3 nm, which was later identiﬁed as a bilayer using Raman
spectroscopy. Exact determination of the number of layers using AFM is not possible because
we do not precisely know the thickness of the encapsulating h-BN.
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Figure 3.6: (a) AFM height image of ﬂake 2 and (b) height proﬁles with ﬁtted sigmoidal curves
to determine the height.
3.3 µ-Raman studies of encapsulated BP flakes
Spatially resolved µ-Raman spectroscopy measurements were used to characterize all of the
investigated ﬂakes. I performed the measurements in the Institute of Physics, Polish Academy
of Science in Warsaw together with Damian Wlodarczyk. The experimental setup is described
in detail in Chapter 2. All measurements were carried out at room temperature and under
ambient conditions. A 532 nm laser line at 630 µW power was used for excitation. The
polarization of the laser was randomly oriented relative to the sample and no polarizing optics
was used. We used a 100× objective with a numerical aperture of 0.9. The typical excitation
spot size was of a diameter of around 1 µm. The spectral resolution was nominally 0.18 cm−1.
Several ﬂakes of the size of several tens of micrometers were mapped with a spatial step between
1 µm and 2 µm (varying between diﬀerent measurement series).
Figure 3.7 shows optical micrographs of two exemplary ﬂakes and Raman spectra ac-
quired at positions where diﬀerent thicknesses could be expected based on the optical con-
trast. Signiﬁcant changes in the energy, shape and relative intensity of the peaks were observed
for the diﬀerent positions on the ﬂakes. The bilayer can be easily identiﬁed based on the
high intensity of the A2g(B2u) mode which appears on the high-energy side of the A
2
g peak
[Ribeiro 2018, Phaneuf-L’Heureux 2016]. In the bilayer, the intensity of the A2g(B2u) and A
2
g
peaks is comparable and signiﬁcantly higher than for the B2g and A1g mode. The relative peak
positions and intensities are slightly diﬀerent depending on the position on the ﬂake. In certain
spectra, an additional peak at the high energy side of the A1g and A
2
g modes can be observed.
To obtain quantitative information from the Raman data, we ﬁtted each spectrum with a
single Lorentzian for the B2g mode and double Lorentzians for the A1g and A
2
g modes to account
for the weaker peaks present on the high-energy side of both of these peaks. An example of
the ﬁtting is shown in ﬁgure 3.8 (a) for a spectrum acquired on a thin region of the ﬂake. We
extracted the peak positions, widths and intensities from the ﬁts.
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Figure 3.7: Raman spectra showing the three Raman active modes of BP and the Raman
mode around 520 cm−1 from the Si substrate normalized to the A1g mode intensity, optical
micrographs of ﬂakes with marked spots at which representative spectra were taken and the
A1g, B2g and A
2
g Raman peaks in larger scale for two diﬀerent ﬂakes (a) and (b).
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3.3.1 Thickness determination
Thanks to the anomalous behaviour of the Raman peaks with thickness, the relative diﬀerence
between the A2g and B2g mode frequencies ∆E can provide a measure of the number of layers
[Lu 2014]. For all four ﬂakes on which we performed Raman mapping, ∆E was determined as
the diﬀerence between B2g and the lower energetic component of the A2g mode. We then used
a multiexponential function to ﬁt the experimental ∆E(A2g −B2g) dependence on the number
of BP layers n previously observed by Lu et al. [Lu 2014]:
n = a+ b1 · exp
(
−∆E
w1
)
+ b2 · exp
(
−∆E
w2
)
+ b3 · exp
(
−∆E
w3
)
(3.3)
Parameters obtained from the ﬁt a = 1.96, w1 = 0.467 cm−1, w2 = 0.519 cm−1, w3 = 0.571
cm−1, b1 = 5.05 · 1025, b2 = 1.40 · 1023, b3 = 1.13 · 1021 were used to calculate the number of
layers based on the observed ∆(A2g − B2g) shift for all the spectra from our dataset for three
and more layers. The form of the function was adapted to best reproduce the experimental
data and the parameters do not have any physical meaning. In Fig. 3.8 (b), red points show
experimentally determined ∆E from ref. [Lu 2014] and the dashed line shows the inverse of
the ﬁtted n(∆E) function described by equation 3.3.
Fig. 3.9 (a) shows the number of layers calculated according to the formula 3.3 for all the
collected BP spectra as a function of ∆E. The errors of ∆E are derived from the uncertainties
of the positions of the B2g and A2g peaks obtained from ﬁtting the spectra. The error of the
calculated number of layers has been obtained according to the propagation of error formula
taking into account the uncertainty of ∆E (the uncertainties of the parameters used in Eq.
3.3 are negligibly small). Within our dataset, points for n ± 0.5 around each integer n value
were grouped together to obtain averaged values for the diﬀerent number of layers. Fig. 3.9 (b)
shows the arithmetic means and standard deviations of n and E (in red) as well as the weighted
means and their uncertainties (in black) for points group in this way for thicknesses between
3 and 10 layers. It can be observed that due to the shape of the ∆E(n) dependence a certain
error of determining the shift ∆E will result in a larger uncertainty of n for thicker samples.
The number larger number of spectra collected for a particular thickness also results in a
smaller uncertainty of the estimated values. Finally, Fig. 3.10 shows a comparison of ∆E(n) as
determined in the work of Lu et al, the ﬁtted function and the values estimated for our dataset
based on the weighted averages of the grouped points for 3-10 layers. We could unambiguously
identify the bilayer based on the large intensity of the Ag(B2u) mode. The two data points
marked for the bilayer correspond to the ∆E(A2g−B2g) and the ∆E(Ag(B2u)−B2g) frequency
diﬀerences. The value determined by [Lu 2014] for the bilayer corresponds approximately to
the average of these two values which could be explained by the fact that these two modes were
not spectrally resolved in the work of Lu and coworkers.
Fig. 3.11 shows the optical micrographs of all the investigated ﬂakes and the maps of the
number of layers calculated based on the ∆(A2g − B2g) shift, the intensity ratio of the A1g/Si
modes as well as the intensity of the Si Raman mode from the substrate. It can be seen that a
lower number of layers correlates with an increased intensity of the mode from the substrate and
lower A1g/Si ratio, both of which indicate smaller BP thickness. The A
1
g/Si 520 cm
−1 mode ratio
has been previously suggested as a measure of the number or layers [Castellanos-Gomez 2014].
However, due to the dependence of the Si mode intensity on the relative orientation of the
crystal and the incident laser polarization, the A1g/Si mode ratio cannot be directly used to
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Figure 3.8: (a) Raman spectrum of a thin BP ﬂake (points) and Lorentzian ﬁts (solid lines).
∆E is marked with arrows. (b) ∆(A2g − B2g) energetic separation of the modes as a function
of the number of layers. Red points represent digitalized data from [Lu 2014], the dashed line
shows the function ﬁtted according to Eq. 3.3.
Figure 3.9: (a) The calculated number of layers as a function of the ∆E shift for all the Raman
spectra acquired on diﬀerent ﬂakes. (b) The n and ∆E average arithmetic means and standard
deviations (red) and weighted means and their uncertainties (black) calculated for the data
points grouped around the integer number of layer values for 3-10 layers.
estimate the thickness without determining the relative orientation of the crystal directions of
the substrate and the BP ﬂakes ﬁrst. Fig. 3.12 shows the A1g/Si intensity ratio as a function
of the number of layers for one chosen ﬂake. It can be seen that a larger thickness correlates
with a higher A1g/Si ratio. The assignment of the number of layers based on the ∆(A
2
g −B2g)
frequency diﬀerence is used for all further analysis.
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Figure 3.10: The shift ∆E as a function of the number of layers based on data from the work of
[Lu 2014] (red points), the ﬁtted function (dashed line) and the weighted mean values obtained
for our data (blue). The data points for the bilayer were unambigously assigned based not on
the energy shift but on the large intensity of the Davydov-converted mode.
3.3.2 Observation of the A1
g
surface mode
In the following section we will discuss the emergence of modes on the high energy side of the
A1g and A
2
g peaks for multilayer BP. The peak on the high energy side of A
2
g has been observed
before and can be assigned as the A2g(B2u) mode arising due to Davydov conversion of two
infrared active modes [Sugai 1985, Phaneuf-L’Heureux 2016, Ribeiro 2018]. In Fig. 3.7 this
mode can be clearly seen in the spectrum corresponding to point C.
Surprisingly, a relatively weak mode showing a clear dependence on the number of layers
appears around 3-4 cm−1 to the high energy side of the main A1g peak. This new mode could
be observed for three-layer and thicker samples, but not for the bilayer. Figure 3.13 (a) and
(b) shows the Raman modes as a function of the number of layers and the ﬁtted Lorentzian
functions. The A2g(B2u) mode can be resolved for all measured thicknesses. The additional
peak on the high energy side of A1g peak can be seen for three layers and larger thicknesses
while no clear splitting could be resolved for the B2g mode.
The intensity of the newly observed mode relative to the main A1g component decreases as
a function of the number of layers. The peak intensities obtained from the ﬁtting were used to
calculate the intensity ratio of the high energy peak to the sum of the high energy peak and the
main A1g component. The result is presented as a function of the number of layers in Fig. 3.14.
The diﬀerent colored points show results for a given number of layers and the black points the
mean values for a given number or layers. Another interesting feature is the absence of this
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Figure 3.11: (a) Optical micrograph of the ﬂakes, (b) calculated number of layers, (c) A1g//Si
peak intensity ratio and (d) Si 520 cm−1 peak intensity for four diﬀerent investigated ﬂakes.
mode for the bilayer.
A change of the Raman mode frequencies in the surface layers of few-layer BP relative to the
bulk has been predicted theoretically for bare BP [Hu 2016]. Calculations suggested a splitting
of the mode frequencies for thicknesses starting from three layers (Fig. 3.15) for the A1g and
B2g modes but not in the case of A2g mode (Fig. 3.15). The calculated splitting of the B2g
3.3. µ-Raman studies of encapsulated BP flakes 51
Figure 3.12: The intensity of the lower energetic A1g component divided by the Si peak intensity
as a function of the calculated number of layers for the third ﬂake .
mode is very small, less than 1 cm−1 for 6 layers while the splitting of the A1g mode is larger,
on the order of 4-5 cm−1. The eﬀect is related to diﬀerent motion of the atoms in the surface
and inner layers. The intralayer interactions are predicted to be stronger in the surface layer
and lead to higher frequency vibrations [Hu 2016].
This result is surprising since typically in a 2D layered material lower restoring forces and
lower vibrational frequencies could be expected in the surface layer. The anomalous behaviour
in BP can be explained considering the hybridization of the lone electron pairs between diﬀerent
layers. Charge transfer to the interlayer space causes an anomalous redshift of the A1g mode
in multi-layer BP compared to the monolayer [Hu 2016]. The optical phonon modes soften
because of a weakening of the interaction between P atoms within the same layer. In the
surface layer, the charge transfer from within the layer to the interlayer space is weaker, since
there is only one neighbouring layer in contrast to two for the inner layers and more charge is
conserved inside the layer. This leads to stronger bonding and higher phonon frequencies in
surface layers [Hu 2016].
Based on these observations we suggest that the newly observed mode originates from the
surface layers of BP which are in contact with the encapsulating h-BN while the low-energy
component is related to the inner layers (Figure 3.16). The vibrational properties of the surface
and inner layers diﬀer and as a consequence the A1g mode has slightly diﬀerent energy for
the surface and for the bulk. This could explain the absence of an additional mode in the
bilayer, since there both layers are in contact with h-BN and should have identical vibrational
properties, leading to the presence of only one peak. This interpretation is also in agreement
with the observed decrease of relative intensity of the higher energetic mode with increasing
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Figure 3.13: The (a) A1g and A
2
g and (b) B2g modes as a function of the number of layers.
Experimental data is shown in gray and the Lorentzian ﬁts in red. The green arrow marks the
newly observed mode, the blue arrow - the mode arising due to Davydov splitting.
thickness. For three layers, two layers are in contact with h-BN and one layer can be considered
as an ‘inner layer’. For larger thicknesses, the number of the ‘inner’ layers increases relative to
the two ‘surface’ layers which explains the changes of the intensity ratio. Figure 3.16 shows
a schematics of the encapsulated few-layer BP with marked surface and inner layers and the
corresponding Raman peaks.
Not only the interlayer interaction, but also the changing lattice parameters can contribute
to the changes of the vibrational frequencies with material thickness. Simulations predict a
decrease of both the interlayer distance as well as the layer thickness (understood as the bond
length of the puckered structure in the direction perpendicular to the plane) at the surface
of non-encapsulated multi-layer black phosphorus [Hu 2016]. To verify this hypothesis and
understand the inﬂuence of h-BN encapsulation on the structural properties of BP we have
collaborated with the group of Magdalena Birowska and Neville Gonzalez-Szwacki from the
Faculty of Physics, University of Warsaw who performed ﬁrst-principles theoretical calculations
of the structural and vibrational properties of few layer black phosphorus with and without
encapsulation in boron nitride. The change of the lattice constants can be seen as equivalent
to exerting external uniaxial stress [Hu 2016, Birowska 2019]. Calculations suggest that the
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Figure 3.14: Intensity ratio of the high energy peak to the total intensity (sum of the high- and
low-energy component intensities) for the A1g mode as a function of the number or layers. The
black points with error bars show mean values for each number of layers.
Figure 3.15: Raman peak frequencies as a function of the number of layers for the A2g, B2g and
A1g modes showing the inner and surface branches. After [Hu 2016].
lattice constant along the zigzag direction increases while the lattice constant along the armchair
direction decreases with the number of layers for bare black phosphorus [Birowska 2019]. For
encapsulated BP, the lattice constant along the zigzag direction is larger than for bare material
for all thicknesses and decreases slightly with the number of layers. The lattice constant along
the armchair direction decreases with the number of layers for bare BP and shows only a
slight change with thickness for encapsulated material [Birowska 2019]. As a consequence,
h-BN encapsulation causes a decrease of the lattice constant in the armchair direction for a
monolayer and an increase for larger thicknesses relative to bare material as can be seen in
Fig. 3.17. The panels (a) and (b) show the lattice constant along the armchair and zigzag
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Figure 3.16: (a) Raman spectrum showing the high and low energy components of the A1g mode
and (b) schematics of the encapsulated BP crystal structure demonstrating the origin of the
inner and surface modes observed in the spectrum.
direction for bare and encapsulated BP as a function of the number or layers, while the panels
(c) and (d) show the strain along two diﬀerent lattice directions. When h-BN and BP layers are
in contact, the encapsulating h-BN is slightly compressed while the BP material is stretched
with the exception for a monolayer in the armchair direction [Birowska 2019].
Figure 3.18 (a) shows the energies of the ‘inner’ and ‘surface’ A1g mode as a function of the
number of layers obtained from the Lorentzian ﬁts to our data (red), as well as calculated ener-
gies based on [Hu 2016] (black) and [Birowska 2019] (green and blue) for bare and encapsulated
BP. The error bars for the experimental points represent scattering of the values within a group
of points assigned to a given number of layers. Theoretical calculations [Birowska 2019] suggest
that encapsulations leads to a decrease of the energy of the modes. This is in contrast to what
is observed experimentally based on the comparison of Raman spectra for bare and encapsu-
lated BP. This can be explained considering the strain that can be introduced in BP placed
on SiO2/Si substrate which causes the redshift of the Raman modes [Birowska 2019]. The en-
ergy diﬀerence between the ‘inner’ and ‘surface’ modes is comparable for the experimental data
and the diﬀerent theoretical approaches. In panel (b), the relative positions and intensities
are compared for our experimental data and the calculations for bare and encapsulated BP
after [Birowska 2019]. The heights of the Lorentzians representing experimental data and of
the bars showing calculated values have been normalized to the main A1g component while the
mode frequency has been shifted so that the frequency of the main peak corresponds to 0. Both
theory and experiment show a decrease of the relative intensity of the higher to lower energy
mode with increasing thickness. The calculated splitting in energy is slightly larger according
to theory than the value based on experiment and slightly increases with the number of layers.
To conﬁrm the surface-related origin of the newly observed mode, we should also exclude
other possible reasons for its appearance in the spectra of few-layered black phosphorus. A
mechanism that can lead to the observation of additional Raman modes for multi-layered 2D
materials is Davydov splitting and mode conversion [Song 2016a, Staiger 2015, Gołasa 2017,
Ribeiro 2018, Tonndorf 2013, Phaneuf-L’Heureux 2016]. In black phosphorus, Davydov mode
conversion is the origin of the prominent peak that appears on the high energy side of the
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Figure 3.17: Changes of the lattice constant along the (a) zigzag and (b) armchair directions as
a function of the number of layers calculated for bare and encapsulated BP, strain in (c) zigzag
and (d) armchair directions as a function of the number of BP layers for encapsulated BP and
encapsulating h-BN after [Birowska 2019].
A2g mode for bilayer and thicker samples. Davydov mode conversion can be excluded as the
origin of the new peak on the high energy side of the A1g mode based on both theoretical and
experimental evidence. Firstly, from the phonon dispersion for monolayer BP (Fig. 3.1) it
can be seen that there is no IR active mode at energies close to the A1g mode which could
undergo Davydov conversion to a Raman active mode. Secondly, the presence of only two
A1g components regardless of the number of layers and their relatively unchanging positions
are strong arguments against the Davydov splitting or mode conversion as the origin of the
additional peak.
The presence of a mode on the high energy side of the A1g peak has been reported in
some previous studies. In the work of Phaneuf-L’Hereux et al. [Phaneuf-L’Heureux 2016] it
was assigned to a second-order Raman process. Interestingly, in this work the mode was also
observed for a monolayer ﬂake, and no clear dependence of the intensity on the thickness could
be observed. A splitting of the A1g mode into ‘two sharp components’ has been observed by
Favron et al., where the authors mentioned that this peak is present only sometimes and its
appearance depends on the substrate and the preparation protocol and is possibly linked to
local sample inhomogeneities [Favron 2015]. A recent work by Favron et al. [Favron 2018]
identiﬁes the origin of additional modes observed in the proximity of the A1g and A
2
g peaks as
defect-activated second-order processes. However, the authors observe the additional mode on
the high energy side of A1g also for the bilayer and no systematic dependence of the relative mode
intensity on thickness is observed, contrary to our observations. Moreover, in our case, we do not
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Figure 3.18: (a) Energies of the inner and surface branches of the A1g vibration as a function
of the number of layers based on averaged values obtained from our data (red) and theoretical
predictions from [Hu 2016] (black) and [Birowska 2019] (blue - bare BP and green - h-BN en-
capsulated BP). (b) Relative intensity and splitting of the A1g mode as a function of the number
of layers based on our experimental data (Lorentzian peaks, the intensities are normalized to
the main A1g component, widths correspond to average peak FWHM, the frequency of the main
component is set to 0) and calculations for bare (black bars) and encapsulated (red bars) BP.
The inset shows the energy diﬀerence between the inner and surface peaks as a function of the
number of layers. After [Birowska 2019].
expect a signiﬁcant intensity of defect-related modes because of the absence of defects related
to degradation in ambient conditions thanks to the protection of BP layers via encapsulation.
A splitting due to diﬀerent vibrational frequencies in the inner and surface layers has been
also predicted for the B2g mode of BP [Hu 2016]. In contrast to the A
1
g mode, the predicted
splitting is very small, on the order of 1 cm−1. In our experimental data, the B2g mode shows
little variation with thickness, apart from a strongly decreased relative intensity for the bilayer
(Fig. 3.13). No splitting can be resolved, but the observed width of this mode is larger than
for the Ag modes (Fig. 3.19). Thus, it is possible that a surface-inner mode splitting is also
present for the B2g mode but could not be resolved spectrally.
It is worth mentioning that the splitting of mode frequencies due to surface eﬀects has been
previously reported for few layered transition metal dichalcogenides [Terrones 2014], includ-
ing MoTe2 [Froehlicher 2015, Grzeszczyk 2018] and MoS2 [Luo 2013b]. The surface eﬀects in
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these compounds refer to the changes of the metal-chalcogen bond length in the outer layers
[Froehlicher 2015] and the larger force constants resulting from the lack of one neighboring
adjacent layer for the topmost and bottommost layer [Luo 2013b]. The modes involving atomic
vibrations in the exterior layers have higher energies than the modes related to the interior
layers and the surface-related modes dominate for thinner TMD samples [Froehlicher 2015].
3.3.3 Effect of encapsulation on BP stability and Raman modes
Given the large number of Raman studies on few layer BP, it is surprising that the surface-bulk
splitting of the A1g mode has never been clearly observed before. A possible explanation is
the inﬂuence of the encapsulation on the material quality. Figure 3.19 shows a comparison of
the linewidths obtained from the ﬁtting for the three Raman modes in our work and for non-
encapsulated BP based on ref. [Phaneuf-L’Heureux 2016]. It can be seen that the linewidths
observed by us are smaller, with the exception of the B2g mode for the bilayer. For the bilayer
however the B2g intensity is very small and the FWHM could not be deﬁned as precisely. Also
in the work of Favron et al. [Favron 2015], the FWHMs reported are larger than observed by
us, for A1g mode decreasing from around 6 cm
−1 for the monolayer to around 4 cm−1 for 6
layers.
Figure 3.19: Full width at half maximum of the Raman modes as a function of the number of
layers. Experimental data obtained in this work are shown in red, while the black points show
values from ref. [Phaneuf-L’Heureux 2016].
The width of a Raman peak consists of contributions due to homogeneous and inhomogen-
eous broadening. Homogeneous broadening of a mode is related to ﬁnite natural phonon lifetime
τ , Γ = ~/τ [Sun 2013]. Intrinsic (phonon-phonon) scattering due to the potential anharmon-
icity as well as extrinsic scattering related to defects or interfaces can reduce phonon lifetime
[Luo 2015a]. Inhomogeous broadening is related for example to spatial variations across the
sample, e.g. local degradation. The broadening is very small in the investigated samples, sug-
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gesting a very good material homogeneity, low number of defects and no signiﬁcant scattering
on the h-BN/BP interface. This conﬁrms the eﬀective protective eﬀect of h-BN.
To monitor the samples for possible signs of degradation we also performed Raman meas-
urements on the same ﬂake before and after a time of exposure to ambient conditions. During
Raman mapping, the sample was exposed to ambient conditions for several hours, accompan-
ied by laser irradiation The acquisition time on a given spot was several tens of seconds, the
excitation power used was 630 µW. In between the measurements, the sample was kept for a
week under N2 atmosphere and then mapping of the same region under identical experimental
conditions was repeated. Figure 3.20 shows spectra acquired on approximately the same po-
sitions on ﬂake 2 for the two consecutive measurements and no signiﬁcant diﬀerence can be
noticed in peak width, position or relative intensity.
Figure 3.20: Typical Raman spectra acquired on a (a) thin and (b) thick region of ﬂake 2 taken
at the beginning of the measurements and after a week, including several hours of exposure to
ambient conditions.
It is worth noting that we did not observe photoluminescence in the visible range from
the encapsulated ﬂakes. While this is not surprising for the thickest material, since the bulk
BP has a bandgap of around 0.3 eV, PL emission could be expected to occur in the visible
range for the thinner regions. Emission assigned as neutral and charged exciton has been
previously observed in the 1.8 - 2 eV range for non-encapsulated ML BP under 532 nm ex-
citation [Surrente 2016]. Zhang and coworkers observed exciton-related polarized photolumin-
escence above 1.3 eV, redshifting with increasing thickness [Zhang 2014]. A PL emission at
around 1.6 eV, stronger than the Raman peaks has been observed for bilayer BP under 514
nm excitation [Castellanos-Gomez 2014]. PL emission for amorphous phosphorus is expec-
ted at energies of 1.18-1.36 eV and for chemically degraded material a peak appears around
2-2.1 eV [Castellanos-Gomez 2014]. However, according to the authors degradation was ob-
served during the measurement which raises questions about the nature of the 1.6 eV emission
[Castellanos-Gomez 2014]. A previous study by Cao et al found that photoluminescence was
completely absent in h-BN encapsulated BP and signiﬁcant PL intensity at around 1.65 eV
was observed only for thin ﬂakes of BP that have been exposed to air [Cao 2015]. The authors
concluded that the disorder introduced upon degradation in air is necessary for the observation
of PL emission. In light of this interpretation the lack of photoluminescence provides further
proof for the eﬀective protection of the BP layers. However, changes of the BP band structure
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due to h-BN encapsulation, leading to the absence of luminescence, cannot be ruled out.
3.4 Conclusion
In this chapter we have presented a Raman spectroscopy study of h-BN encapsulated black
phosphorus showing the inﬂuence of the encapsulating material on the vibrational properties
of BP surface layers. For the ﬁrst time, we have observed a theoretically predicted splitting of
the A1g mode into ‘inner’ and ‘surface’ branches for three-layer and thicker ﬂakes. The change
of the frequency of Raman modes in the surface layers can be explained via changes of both
lattice parameters and of the intralayer coupling in the surface layers relative to the bulk. The
increase of the vibrational frequencies for the surface layer conﬁrms a theoretical prediction of
stronger intralayer interactions in the surface layer [Hu 2016]. We also observe a narrowing of
the Raman lines, a signature of reduced scattering and improved material quality. The results
suggest that encapsulation, while being an eﬀective means of protecting the material, can also
have a signiﬁcant inﬂuence on the material properties, especially for the thinnest samples.
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This chapter presents optical studies of few-layer rhenium disulﬁde. The ﬁrst part intro-
duces the motivation for our study, the controversy concerning the nature of the bandgap. The
following sections describe the determination of thickness and stacking order of the investig-
ated samples using Raman spectroscopy together with the µ-reﬂectivity and µ-PL measurements
performed to study the excitonic transitions. Based on these results we conclude that the ob-
served photoluminescence is hot emission related to direct excitonic states. The last part of this
chapter describes a kinetic model which can be used to explain the experimental observations
and supports the conclusions about the indirect nature of the fundamental bandgap. The content
of this chapter has been partially published in [Urban 2019].
‘
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4.1 Introduction
Contradicting experimental and theoretical results can be found in the literature concerning the
nature of the fundamental bandgap of ReS2. Our study of the photoluminescence properties of
few-layer ReS2 presented in this chapter was motivated by theoretical calculations of A. Kuc
and coworkers from the group of Prof. T. Heine predicting the indirect character of the bandgap
for all ReS2 thicknesses apart from bilayer. The DFT calculations shown in Fig. 4.1 suggest
a decrease of the direct gap at the Γ point from around 1.5 eV in monolayer to 1.2 eV for
four layers, and the presence of a smaller indirect bandgap for all thicknesses apart from the
bilayer. The indirect bandgap lies several tens of meV below the direct gap. In this work,
we investigated the changes of the PL spectrum with the number of ReS2 layers to verify the
presence of the indirect to direct bandgap transition and the nature of the excitonic states
which are the source of the PL emission.
Figure 4.1: Calculated band structure for several layer ReS2. The red arrows mark the direct
bandgap, the black arrows the fundamental bandgap. After [Urban 2019].
4.2 Raman spectroscopy in ReS2
Raman spectroscopy has been used to determine the stacking order and number of layers of
the investigated ReS2 ﬂakes. The following section describes the Raman spectrum of ReS2 and
its characteristics useful for the determination of the number of layers.
Bulk and monolayer ReS2 belongs to the Ci point group and triclinic crystal system
[Wu 2019]. The units cell contains 4 rhenium and 8 sulphur atoms, 12 in total, which gives
rise to 36 vibrational modes [Feng 2015]. In the center of the Brillouin zone there are 18
Raman-active Ag modes and 18 Au modes [Wu 2019, Feng 2015]. The Au modes include 15
infrared-active optical modes and 3 optically inactive acoustic modes. Due to low symmetry all
the Raman-active and infrared-active modes are non-degenerate. All of the 18 ﬁrst-order Raman
modes have been previously observed experimentally [Feng 2015, Chenet 2015, Pradhan 2015].
Fig. 4.2 (a) and (b) shows the phonon dispersion for monolayer ReS2 together with its Raman
spectrum.
The ﬁrst-order Raman-active modes can be observed in the 100-450 cm−1 range. The in-
plane mode around 155 cm−1 which involves the vibrations of both Re and S atoms is labelled
as A1g [Pradhan 2015]. The atom displacements for this mode are shown in Fig. 4.2 (c). Two
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other modes with distinct directions of vibrations, the out-of-plane modes above 400 cm−1 are
labelled as A2g and A
3
g. After previous work, we adopt a notation where the remaining modes
involving vibrations of the atoms at diﬀerent angles relative to the plane are numbered in the
order of increasing frequency as Aig [McCreary 2017, Feng 2015, Pradhan 2015]. Fig. 4.2 (c)
shows the atom displacements for the lowest energetic, A4g mode, which has a predominantly
out-of-plane character. Fig. 4.3 shows the typical Raman spectra measured on a thick ReS2
ﬂake for two diﬀerent excitation wavelengths. The lower-energetic modes below 250 cm−1 are
related mainly to vibrations involving the heavier Re atoms and the modes above 250 cm−1
are mainly related to vibrations of the lighter S atoms [Feng 2015].
Figure 4.2: (a) Phonon dispersion for monolayer ReS2 and (b) Raman spectrum measured on
monolayer ReS2 using 488 nm excitation. After [Tongay 2014]. (c) Atom displacements for the
A1g (in-plane) and A
4
g (predominantly out-of-plane) modes. After [Qiao 2016].
The presence of low-frequency interlayer shear and breathing modes in the 5-50 cm−1 range
conﬁrms the non-negligible interlayer coupling in ReS2 and the detailed studies of theses modes
allowed the identiﬁcation of two diﬀerent polytypes with isotropic and anisotropic stacking
order [Lorchat 2016, Nagler 2016, He 2016, Qiao 2016]. Fig. 4.4 shows the ultralow-frequency
spectra of a monolayer and two diﬀerently stacked bilayer ReS2 ﬂakes. Three peaks could
be assigned to interlayer modes due to their absence in the monolayer spectrum. Only one
shear mode is observed for the isotropic (IS) stacking, while two nondegenerate peaks related
to shear modes appear in the spectrum of the anisotropically (AI) stacked polytype. Some
of the high-energy intralayer Raman modes also show changes in energy and intensity with
the number of ReS2 layers [Qiao 2016, McCreary 2017, Nagler 2016]. Fig. 4.5 (a) shows the
evolution of the lowest-energetic Raman modes from monolayer to four layer ReS2 and Fig.
4.5 (b) the energies of the modes as a function of the number of layers determined in the work
of Chenet [Chenet 2015]. The ﬁrst and third mode (A4g and A
1
g) show opposite trends with
increasing thickness and their relative separation decreases by 4 cm−1 from monolayer to bulk.
Interestingly, Qiao and coworkers could identify two opposite trends for diﬀerent investigated
ReS2 ﬂakes, either an increase or decrease of the A4g and A
1
g mode separation with thickness
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Figure 4.3: Our Raman spectra measured on a thick part of the investigated ReS2 ﬂake for 532
nm and 785 nm excitation. The mode assignment has been done according to [McCreary 2017].
(Fig. 4.4 (c)). Comparing the high- and low-frequency Raman spectra allowed correlating the
diﬀerence in the behaviour of the high-energy modes with diﬀerent stacking of the few-layer
ReS2. For the isotropic-like stacking, a blueshift of the A1g mode and a redshift of the A
4
g mode
are observed for increasing thickness and an opposite trend is seen for anisotropically stacked
ﬂakes.
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Figure 4.4: Raman spectra (showing the Stokes and anti-Stokes lines) of the isotropic and
anisotropic bilayer polytype and monolayer ReS2 in the ultralow-frequency range. C21 are the
shear modes and LB21 the layer breathing modes. After [Qiao 2016].
Figure 4.5: (a) Raman spectra for 1-4 layer thick ReS2 showing the lowest-energetic modes
after [Chenet 2015]. The peaks marked as I-IV correspond to the A4g - A
6
g modes, peak V to
the A7g mode. (b) Energies of the A
4
g (peak I), A
1
g (peak III) and A
7
g (peak V) modes and the
E(A1g)−E(A4g) distance as a function of the number of layers [Chenet 2015]. (c) Relative shift
between the A1g and A
4
g modes as a function of the number of layers for two diﬀerent stacking
polytypes: anisotropic (AI) and isotropic (IS). After [Qiao 2016].
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4.3 Investigated samples
4.3.1 Sample preparation
We investigated mono- and few-layer ReS2 ﬂakes prepared by scotch tape exfoliation. The
ﬂakes were deposited on a substrate of degenerately doped Si covered with 270 nm of SiO2.
The samples were prepared in the group of Prof. Andras Kis at the Laboratory of Nanoscale
Electronics and Structures at EPFL, Lausanne.
4.3.2 Raman characterization
Raman spectroscopy measurements were performed in the Institute of Physics, Polish Academy
of Sciences in Warsaw in collaboration with Damian Włodarczyk and Prof. Andrzej Suchocki.
The experimental setup is described in more detail in Chapter 2 and 3. µ−Raman measurements
were performed under ambient conditions at room temperature for an arbitrary orientation
of the ﬂakes relative to the polarization direction of the incident laser beam. Two diﬀerent
laser lines were used for excitation, 532 nm and 785 nm at powers of 630 µW and 1.7 mW,
respectively. We ﬁrst performed several measurements at diﬀerent positions on one of the ReS2
ﬂakes using both excitation wavelengths to observe any dependence of the Raman spectrum
on the ﬂake thickness and excitation energy. Subsequently, we performed spatially-resolved
Raman mapping over the area of several tens of µm using λexc = 532 nm on two diﬀerent
ﬂakes. In our analysis, we focused on the four Raman modes in the 130-170 cm−1 range and
ﬁtted the spectra in this region using four Lorentzian peaks.
Figure 4.6 (a) shows Raman spectra acquired on diﬀerent positions on the ﬁrst investigated
ﬂake using 532 nm excitation in the 130-170 cm−1 spectral range where the four lowest-energetic
modes A4g, A
5
g, A
1
g and A
6
g can be observed. The peak energies around 135 cm
−1, 143 cm−1,
152 cm−1 and 162 cm−1 for the monolayer correspond well to previous studies [Qiao 2016].
An optical image of the ﬂake is shown in ﬁgure 4.6 (c). Diﬀerent optical contrast indicates
changing thickness. The spectra acquired on diﬀerent parts of the sample are numbered in
panel (a) according to the points marked in (c). In panel (b), the schematics of the vibrational
modes A1g and A
4
g after [McCreary 2017] are shown. The A
1
g mode is predominantly in-plane,
while for the A4g mode the atoms move along diﬀerent directions with both an in-plane and
out-of-plane component.
For diﬀerent positions on the sample, changes in the position and intensity of the peaks can
be observed. The A1g and A
4
g modes shift in opposite directions with changing thickness and
the A5g mode shifts in the same direction as the A
1
g mode. With increasing separation between
the A1g and A
4
g peaks, an increase of the A
6
g mode relative intensity can be observed. The A
6
g
mode shows no signiﬁcant energy changes. The exact positions of the peaks were extracted
from Lorentzian ﬁts. The average values observed for the thickest part of the ﬂake, 132.6 cm−1
and 153.4 cm−1 were used as mode energies for the bulk. The two left panels in Fig. 4.7 show
maps of the shifts of the A4g and A
1
g mode energies from the bulk values. The right panel in
Fig. 4.7 shows the energy diﬀerence between these two modes as a function of the position on
the sample. The peak separation clearly increases from the thinnest to the thickest region of
the sample.
Fig. 4.8 (a) shows the spectra acquired on regions with diﬀerent thicknesses on the ﬁrst ﬂake
and the ﬁt of four Lorentzians and the energy diﬀerence between the modes A1g and A
4
g ∆E.
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Figure 4.6: (a) Raman spectra acquired using 532 nm excitation on diﬀerent positions on
the ReS2 ﬂake showing the four characteristic peaks in the 130-170 cm−1 range. The spectra
are normalized to the A1g mode intensity. (b) Eigenvectors of the A
1
g and A
4
g Raman modes.
Reproduced from [McCreary 2017]. (c) Optical image of the ﬂake with marked positions where
the spectra shown in panel (a) were acquired.
Figure 4.7: Raman maps of the ﬂake shown in Fig. 4.6 (c) showing the shifts of the A4g (left)
and A1g (middle) relative to the bulk values as well as the distance between these modes (right)
as a function of the position on the sample.
∆E was compared with the relative shift of the modes as a function of the number of layers
determined by [Qiao 2016] for the anisotropic and isotropic ReS2 polytype. The shift observed
for spectra acquired on regions 1 and 2 of the sample (Fig. 4.6 (c)) corresponds very well to the
shift for a monolayer and anisotropically stacked bilayer. Fig. 4.8 (b) shows ∆E as a function
of the number of layers determined by [Qiao 2016] for the anisotropic and isotropic polytype
together with data points obtained based on spectra acquired on diﬀerent regions of the sample.
For the larger thicknesses (> 2 layers) and ∆E the number of layers was assigned by comparing
the observed shift with the dependence observed by [Qiao 2016]. An exponential function was
ﬁtted to the experimental data and based on this dependence the estimated number of layers
was calculated for all the spectra from the Raman map. Fig. 4.8 (c) shows the shift of the A1g
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and A4g modes from the bulk value as a function of the calculated number of layers extracted
from all the spectra from the Raman map of the ﬁrst ﬂake. Figure 4.9 shows the optical images
of both mapped ﬂakes and corresponding maps of the calculated number of layers. For both
measured ﬂakes the shifts of the modes indicated anisotropic stacking.
As an alternative method of determining the thickness, the optical contrast observed in
microscopic images was calibrated with atomic force microscopy images for a ﬂake containing
diﬀerent relevant thicknesses [Benameur 2011] and subsequently used to estimate the thickness
of other investigated ﬂakes. The regions 1 and 2 on the optical image were identiﬁed as mono-
and bilayer using this method, which is consistent with the Raman results and conﬁrms the
thickness and polytype assignment.
Figure 4.8: (a) Raman spectra showing the A1g and A
4
g mode for diﬀerent thicknesses, (b) relative
shift between the A1g and A
4
g peaks as a function of the number of layers for the isotropic (light
blue) and anisotropic (dark blue) stacking order from ref. [Qiao 2016], experimental data points
from this work (red) and a ﬁtted exponential function (c) the shifts of the A1g and A
4
g peak
energies from the bulk values as a function of the calculated number of layers based on the
Raman map.
Fig. 4.10 shows the energy of the A1g mode as a function of the energy of the A
4
g mode.
What can be clearly seen from the distribution of the data points for the mono- and bilayer
is that while the averaged mode energies for a given number of layers show opposite trends
with thickness, within the group of points for certain thickness a simultaneous blueshift of both
peaks can be observed. This could be attributed for example to the eﬀect of strain and can
cause an error in the determination of ∆E since the shifts of the diﬀerent modes under strain
can be diﬀerent. On the other hand, it could also be observed that the ratio of the intensities of
the A6g and A
1
g mode is sensitive to materials thickness. In Fig. 4.10 (b), I(A
6
g)/I(A
1
g) is shown
as a function of ∆E. While ∆E shows some scattering within a group of points assigned to the
mono- and bilayer, possibly due to the eﬀects of strain, the intensity ratio shows smaller scatter
and could potentially provide a more accurate measure of the number of layers. Fig. 4.10 (c)
shows the intensity ratio as a function of the number of layers calculated based on ∆E and Fig.
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Figure 4.9: (a) Maps showing the calculated number of layers compared with (b) optical images
of the ﬂakes.
4.10 (d) the map of the intensity ratio. This could provide an alternative way of determining
the material thickness, independent of local strain variations.
We compared Raman spectra measured at diﬀerent excitation energies to verify if the estim-
ation of the number of layers based on the relative shifts of the modes can be done independent
of the excitation wavelength. Fig. 4.11 (a) shows the Raman spectra for a monolayer and thick
ﬂake measured for 532 nm and 785 nm excitation wavelength. The spectra are normalized
to the A1g mode intensity. Fig. 4.11 (b) shows the relative shifts of the modes obtained by
[Qiao 2016] and determined by us for 532 nm and 785 nm excitation. The number of layers has
been ﬁrst determined for the 532 nm data and then the relative shift of the modes was determ-
ined for a spectrum measured on the same spot using λexc = 785 nm. ∆E is the same within
the experimental error for both excitation energies, indicating that it is possible to use this
method of thickness determination for diﬀerent λexc. At the same time, signiﬁcant diﬀerences
in the relative intensities of some of the modes can be seen for diﬀerent excitation energies, in
agreement with what has been previously observed in other work for excitation wavelengths
between 488 and 633 nm [Jariwala 2016, McCreary 2017]. This suggests that an assignment of
the number of layers based on the relative peak intensity ratio can only be done for a deﬁned
λexc.
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Figure 4.10: (a) Energy of the A1g versus the energy of the A
4
g mode with marked groups of
points corresponding to the mono- and bilayer (b) Intensity ratio of the A6g and A
1
g mode as a
function of the relative shift of the A1g and A
4
g mode. (c) The intensity ratio as a function of
the calculated number of layers. (d) Map of the intensity ratio.
4.4 Photoluminescence and reflectivity studies of excitonic
transitions in ReS2
Photoluminescence and reﬂectivity contrast measurements were performed to identify the ex-
citonic transitions and characterize the absorption and emission as a function of the detection
and excitation linear polarization, the number of ReS2 layers and temperature.
4.4.1 Reflectivity
The absorption edge of ReS2 is strongly anisotropic. Strong optical dichroism [Ho 2007,
Cui 2015] and anisotropy of the features related to the excitonic transitions [Aslan 2016,
Arora 2017] have been observed using a variety of optical methods. A dependence of the
band gap energy and the intensities of band-edge excitonic transitions on the crystal direc-
tion was observed in multiple studies using polarization resolved absorption [Ho 2007, Ho 1998,
Liu 2016b, Liang 2009, Ho 1997, Arora 2017, Sim 2016], reﬂectivity [Ho 1997, Aslan 2016] as
well as photo- and piezoreﬂectance [Ho 2002, Liang 2009, Ho 2004] and saturable and excited-
state absorption [Cui 2017, Meng ]. Transient absorption measurements showed the anisotropy
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Figure 4.11: (a) Raman spectra for monolayer (top) and thick (bottom) ﬂakes for diﬀerent
excitations wavelengths (b) ∆ E for 532 nm, 785 nm excitation and after [Qiao 2016].
of both the absorption coeﬃcient and transient behaviour [Cui 2015].
We have performed µ-reﬂectance measurements at the LNCMI Toulouse and in the Institute
of Physics, Polish Academy of Sciences in Warsaw. The experimental setup is described in detail
in Chapter 2. White unpolarized light from a tungsten-halogen lamp was used and a linear
polarization analyzer was placed in the detection beam for polarization-resolved measurements.
The sample was placed in a helium-ﬂow cryostat equipped with translation stages. Reference
spectra necessary to calculate the reﬂectivity contrast were acquired using the light reﬂected
from the Si/SiO2 substrate. In the case of polarization-resolved measurements, the reference
spectrum was acquired for each polarization separately to compensate for artifacts related to
the setup. All the reﬂectivity measurements presented in this section were performed on the
thickest, bulk-like part of the ReS2 ﬂake.
Figure 4.12 (a) shows a typical unpolarized reﬂectivity contrast spectrum acquired at low
temperature (10 K). The two lowest-lying X1 and X2 excitonic transitions can be identiﬁed
at energies of around 1.55 eV and 1.57 eV. Two further transitions can be seen at higher
energies, around 1.60 and 1.64 eV. Figure 4.12 (b) shows the derivative of the reﬂectivity
contrast spectrum where the four transitions can be identiﬁed more clearly as minima as well
as a weaker ﬁfth transition around 1.69 eV.
Transitions energetically higher than the X1 and X2 transitions have been observed previ-
ously. Aslan and co-workers observed a third transition around 70 meV above the X2 trans-
ition in bulk ReS2 in reﬂectivity and PL which was interpreted as an excited excitonic state
[Aslan 2016]. This transition possibly corresponds to the transition visible in Fig.4.12 (b) at
around 1.6 eV. A dip in the reﬂectivity derivative above 1.6 eV, corresponding to the fourth
transition observed by us, is also seen in the spectra presented by Aslan et al., but not discussed
further. Jadczak and coauthors observed four features at higher energies, in the 1.64 eV - 1.67
eV range, in PL and reﬂectivity contrast measurements, which were interpreted as the excited
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Figure 4.12: (a) Unpolarized reﬂectivity contrast spectrum measured on a thick ReS2 ﬂake.
(b) Derivative of the reﬂectivity contrast calculated from the unpolarized spectrum (gray: raw
data, red: smoothed).
states of both excitons X1 and X2 which follow the hydrogenic Rydberg series of energy levels
[Jadczak 2019]. They suggested that the feature corresponding to the third transition observed
by Aslan is a superposition of the X1 and X2 excited states. A similar series of features at
higher energies were previously observed in photo- and piezoreﬂectance [Ho 2002, Liang 2009].
Fig. 4.13 shows a pseudo-color map of the reﬂectivity contrast derivative as a function of
the linear polarization detection angle as well as two chosen curves for diﬀerent linear polar-
ization directions. The lowest energetic X1 and X2 transitions show clear linear polarization
along diﬀerent directions. The polarized spectra show the separation of the broad transitions
around 1.60 eV and 1.64 eV into multiple features with maximum intensity at diﬀerent polar-
ization angles. The higher-energetic transitions are labelled as Ti with increasing transition
energy. Two main polarization directions can be distinguished: T3, T5, T7, T9 features are lin-
early polarized along the same direction as the X1 excitonic transition, while T4, T6 and T8
show maximum intensity for the same polarization direction as X2. Without further studies it
is hard to conclude as to the origin of these transitions. In the work of Echeverry and coworkers
[Echeverry 2018] the anisotropic optical absorption spectra were calculated based on solving the
Bethe-Salpeter equation and absorption maxima corresponding to X1, X2, T7 and T8 energies
observed by us have also been predicted. Linearly polarized interband excitonic transitions at
higher energies have been observed previously in the 1.63-1.67 eV range in photoreﬂectance and
interpreted as a Rydberg series of excited states [Ho 2002, Ho 2004, Liang 2009]. The energies
of T7 and T8 and their energetic separation from X1 and X2 are consistent with the higher
Rydberg states of X1 and X2 reported in these works, but the energies and spacings of the
remaining features cannot be consistently explained within this model.
Reﬂectivity contrast spectra could be ﬁtted using a Lorentzian oscillator model according
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Figure 4.13: Pseudo-color map of reﬂectivity contrast derivative as a function of the detection
polarization angle (top) and two representative curves (bottom) showing the reﬂectivity contrast
derivative for diﬀerent detection polarization directions with marked transitions identiﬁed as
dip in the derivative curves.
to the formula [Korona 1996]:
R(E) = R0 +
∑
x
RxRe
(
hEx − E + iΓx
Γ2x + (E − Ex)2
eiΘ
)
(4.1)
where Rx is an amplitude, Ex the energy, and Γx the broadening of the x-th excitonic transition,
R0 is the background and Θ is the phase factor. The spectra were ﬁtted in the 1.525 - 1.635 eV
range and transitions up to T7 were included in the ﬁt. The phase factor was ﬁxed for all the
transitions to reduce the number of ﬁtting parameters. Energies and widths of the individual
transitions were ﬁtted for chosen spectra where the respective transition was the strongest and
then ﬁxed so that the ﬁnal ﬁtting was performed allowing only the oﬀset and the amplitudes
Rx to vary. Fig. 4.14 (a) shows the reﬂectivity contrast spectra acquired for diﬀerent detection
polarization angles and the ﬁts. Fig. 4.14 (b) shows two exemplary spectra and ﬁts and Fig.
4.14 (c) shows the intensities of the transitions as a function of the detection angle, deﬁned as
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the integrated moduli of the resonances:
AX =
RX
(E − EX)2 + Γ2X
(4.2)
The polar plots were ﬁtted with a function I0 + Ix cos(θ + θ0). The energies and polarization
angles at which the maximum intensities of the six lowest energetic transitions are observed are
listed in Table 4.1. The diﬀerence in orientation of the X1 and X2 transitions is (64.1±0.9)◦,
consistent with what has been observed previously for these excitonic features. The polarization
directions obtained from the ﬁt for the higher energetic transitions conﬁrm the observation that
two groups of transitions which have polarization directions close to those of X1 and X2 can be
distinguished. The degree of linear polarization is 0.933±0.007 for X1 and 0.288±0.007 for X2.
Figure 4.14: (a) Reﬂectivity contrast spectra for diﬀerent detection polarization angles in the
0-180 ◦ range in 12◦ steps and ﬁtted curves (red). (b) Two representative reﬂectivity contrast
spectra and ﬁtted curves for diﬀerent polarization detection angles. (c) Polar plots showing the
angular dependence of the intensity of the transitions.
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Table 4.1: Energies of transitions observed in reﬂectivity contrast and linear polarization
directions for which maximum transition intensities are observed.
Energy (eV) Polarization direction
X1 1.555 45.7◦
X2 1.572 109.8◦
T3 1.58 61.8◦
T4 1.59 76.9◦
T5 1.5975 42.1◦
T6 1.612 148.8◦
Measurements as a function of temperature were performed to determine the behaviour of
the transitions with temperature. Fig. 4.15 (a) shows the reﬂectivity contrast spectra for a
range of temperatures at which the excitonic transitions can be distinguished. Fig. 4.15 (b)
shows the temperature dependence of the X1 and X2 transition energies.
The energies of the transitions at 0 K can be extrapolated as EX1 = 1.557 eV and EX2 =
1.572 eV and a redshift of around 7 meV can be seen for increasing temperature from 4.5 K
to 100 K. Previous studies of temperature dependence of the absorption edges related to the
indirect bandgap parallel and perpendicular to the rhenium chains have predicted a redshift
of around 30 meV from 0 to 100 K for both polarizations with the shift slightly larger for the
absorption edge for the polarization direction along the Re chains [Ho 1998]. The shift predicted
based on ﬁtting the temperature-dependent data for direct band-edge excitonic transitions for
a larger range of temperatures in [Ho 2002] was around 13 meV from 0 to 100 K, larger than
observed in this work. It is hard to exactly determine the energies of the broadened transitions
which may partly explain the discrepancy.
Figure 4.15: (a) Reﬂectivity contrast spectra as a function of temperature. Arrows indicate the
X1 and X2 transitions. (b) Energies of the X1 and X2 transitions as a function of temperature.
Fig. 4.16 shows the reﬂectivity contrast spectrum measured at 4.5 K in the spectral range
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corresponding to X1 and X2. For this lowest temperature, it can be seen that the two transitions
in fact have a double nature and four transitions could be identiﬁed, X11 at around 1.550 eV,
X12 at 1.558 eV, X21 at 1.572 eV and X22 at 1.576 eV. This ﬁne structure could not be seen in the
polarization-resolved measurements because of the coarser spectral resolution than the one used
for the temperature dependent measurements. In the work of Arora et al. [Arora 2017], four
excitonic transitions in the 1.372-1.404 eV range were identiﬁed in µ−transmission measure-
ments for ReSe2, two of them as distinctive features and the other two as lower-lying shoulders.
They were interpreted as interband transitions with diﬀerent combinations of spins, arising
due to the twofold degeneracy of both the conduction and valence band. Bands with diﬀerent
spin are split by exchange interaction and the transitions with diﬀerent combinations of spins
have diﬀerent energies. The energy diﬀerence between the spin-split transitions was around 10
meV in the studied case of ReSe2. For ReS2 a similar eﬀect might be expected due to similar
electronic structure, which could explain the observed double features.
Figure 4.16: Reﬂectivity contrast spectrum for at 4.5 K (black) and the smoothed curve (blue).
Arrows mark the areas of large slope of the curve corresponding to the approximate energy of
the four spin-split transitions.
4.4.2 Photoluminescence
We have performed µ-PL measurements at LNCMI Toulouse. The setup is described in detail
in Chapter 2. For excitation, the 532 nm line of a solid-state CW laser was used. The power
used was in the 650-950 µW range and no changes in the spectral shape were noticed in this
range. A half-waveplate and linear polarizer were used in the excitation or detection path for
polarization-resolved measurements.
4.4.2.1 PL of bulk ReS2
First, we characterized the PL emission from the thickest, bulk-like part of the ﬂake at low
temperature. Fig. 4.17 shows an unpolarized reﬂectivity contrast and photoluminescence spec-
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trum of a thick ReS2 ﬂake at 4 K. The two lowest-lying excitonic transitions X1 and X2 can be
identiﬁed in PL at energies of around 1.55 eV and 1.565 eV, with a Stokes shift of approximately
10 meV. The arrows mark the transitions in the PL spectrum, for the emission related to the X1
excitonic state two close-lying maxima can be observed. This observation is in agreement with
previous studies, where emission from the two ground state excitons as well as a transition at
higher energy around 1.6 eV was reported [Aslan 2016, Tongay 2014, Gutiérrez-Lezama 2016,
Ho 2017]. In the work of [Ho 2019] ﬁve transitions were identiﬁed, the two lowest-energetic X1
and X2 excitons as well as three transitions in the 1.62-1.66 eV range. It is hard to clearly
identify higher-energetic transitions in our spectra due to the very broad shape of the emission.
Figure 4.17: Unpolarized photoluminescence and reﬂectivity contrast spectra for a thick ReS2
ﬂake. Arrows mark the two peaks that can be distinguished in the X1 emission and the X2
emission peak.
Comparing absorption (or reﬂectivity) and photoluminescence spectra can provide inform-
ation about the nature of the optical transitions. The observation of an indirect transition in
absorption requires the presence of a phonon to compensate for the momentum mismatch. At
low temperatures the population of thermally excited phonons in the crystal is very small and
such a process is highly unlikely, therefore it is diﬃcult to observe indirect transitions in low-
temperature absorption or reﬂectivity spectra. The clear features observed in our reﬂectivity
contrast spectra suggest the direct nature of the transitions.
Fig. 4.18 (a) shows the PL spectra of a thick ﬂake measured for a ﬁxed excitation polariza-
tion direction and diﬀerent detection polarization directions. The X1 and X2 transitions can be
clearly resolved in the polarization-resolved spectra, as shown in the pseudo-color PL intensity
map in Fig. 4.18 (b). Maximum emission from the two direct states is observed for diﬀer-
ent detection angles. The two peaks which can be observed in the X1 emission are polarized
along the same crystal direction, consistent with what has been observed for the anisotropic
78 Chapter 4. Non-equilibrium anisotropic excitons in ReS2
resonances in ReSe2 [Arora 2017].
Figure 4.18: (a) Photoluminescence spectra of a thick ReS2 ﬂake for diﬀerent polarization
detection angles. The dashed lines mark the maxima of the X1 and X2 emissions. (b) Pseudo-
color map of PL emission intensity as a function of energy and detection polarization angle.
The PL spectra were ﬁtted with ﬁve Gaussian peaks, with the lowest energetic peak at 1.53
eV ﬁt to the emission below X1, possibly related to weak emission from the indirect states,
two consequent peaks at 1.544 and 1.548 eV ﬁt to the X1 emission, a fourth peak at 1.567 eV
ﬁt to the X2 emission and a broad peak centered at 1.569 eV used to ﬁt the higher-energetic
emission. The energies and widths of the peaks were ﬁxed for all detection angles so only the
peak intensity was allowed to vary. Fig. 4.19 (a) shows the spectra for two chosen detection
angles and the ﬁtted functions. Fig. 4.19 (b) shows the angular dependence of the X1 and
X2 emission intensities, with X1 as a sum of the two ﬁtted peaks, and the I0 + Ix cos(θ + θ0)
ﬁts. Fig. 4.19 (c) shows the polar plot of the intensities of the two peaks used to ﬁt the X1
emission. The relative angle between the maxima of the X1 and X2 emission is (67.5±0.2)◦ and
the degree of linear polarization is 0.625±0.002 for the X1 and 0.457±0.003 for the X2 emission.
This is similar to the polarization directions and degree of linear polarization observed for the
X1 and X2 transitions in reﬂectivity. Peaks 2 and 3, related to the X1 emission are linearly
polarized along the same direction. The slight diﬀerence in the directions determined from the
ﬁt is possibly due to the overlap with other peaks. Fig. 4.20 shows two PL spectra for diﬀerent
detection angles where the double shape of the X1 transition can be clearly seen. For X2 any
splitting is hard to distinguish due to lower intensity and overlap with X1.
Fig. 4.21 (a) shows unpolarized PL spectra as a function of temperature. The changes of
the spectral shape, in particular the slight increase of the X2 to X1 emission intensity ratio
with increasing temperature are further discussed in the section describing the kinetics of the
recombination processes. The emission peaks broaden and redshift with temperature. Fig. 4.21
(b) shows a comparison of the temperature dependence of the transitions seen in reﬂectivity and
PL. Both the reﬂectivity features and the PL emission show a similar redshift with increasing
temperature and the Stokes shift does not change signiﬁcantly.
4.4.2.2 Thickness dependence
To investigate the evolution of the bandgap with the number of layers, we measured photo-
luminescence spectra on diﬀerent parts of the sample with diﬀerent thickness. In particular,
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Figure 4.19: (a) Spectra for two diﬀerent polarization detection angles and ﬁts of the ﬁve peaks
and the cumulative ﬁt. Peak 1 and peak 2 (magenta and blue) correspond to the X1 transition
and peak 3 (green) to the X2 transition. (b) Polar plot of the X1 and X2 transition intensities
(X1 intensity is a sum of the area of peak 1 and 2). (c) Polar plot of the intensity of peak 1
and peak 2 which correspond to the X1 transition.
Figure 4.20: Photoluminescence spectra for two diﬀerent polarization detection angles 0◦ (black)
and 140◦ (blue). The arrows mark the approximate energies of the transitions.
we wanted to verify experimentally if a crossover from an indirect to a direct bandgap occurs
for the bilayer, as predicted by DFT calculations. Fig. 4.22 (a) shows PL spectra acquired on
regions with diﬀerent thicknesses. A blueshift and decreasing intensity of the emission can be
seen for decreasing thickness. Fig. 4.22 (b) shows the energies of the maxima of the X1 and X2
emissions and their relative separation as a function of the number of layers. For the bilayer,
the emission was too weak to clearly identify the X2 transition so the value was taken from
[Aslan 2016]. The blueshift from bilayer to 8 layers is around 60 meV for X1 and 100 meV forX2.
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Figure 4.21: (a) PL spectra as a function of temperature from 5.4 K to 290 K. Dashed lines serve
to guide the eye. (b) Energies of the maxima of the PL emission as a function of temperature.
Empty symbols show the energies of transitions identiﬁed in reﬂectivity and full symbols the
transitions seen in PL.
The relative separation of the emission peaks decreases from around 70 to 20 meV from bilayer
to 8 layers. Our observation is in agreement with previous studies which have shown a mono-
tonically decreasing PL intensity and blueshift of the PL emission with decreasing thickness
[Tongay 2014, Aslan 2016, Cui 2016]. A blueshift of all excitonic PL features and decreasing
intensity with decreasing thickness has also been observed for ReSe2 [Arora 2017, Zhao 2015].
Aslan et al. reported blueshifts of 140, 170 and 300 meV for the X1, X2 and higher-energetic PL
peaks with thickness changing from bulk to monolayer, which is larger than the shifts observed
for direct transitions in other transition metal dichalcogenides (MoS2, WS2) but smaller than
the shifts of the indirect transitions in these materials with thickness [Arora 2017]. This eﬀect
has been attributed to weaker electronic coupling and smaller exciton binding energy in ReS2.
Fig. 4.23 (a) shows a map of the PL intensity integrated over the whole spectral range. A
clear increase of the PL intensity with the number of layers can be seen. Fig. 4.23 (b) shows
the integrated intensity as a function of the number of layers. The emission from the thickest
region is around 13 times stronger than from the monolayer and the monotonic dependence
suggests there is no change of the bandgap nature with thickness.
Polarization-resolved PL on bilayer and monolayer regions of the sample revealed linear
polarization of the emission independent of thickness. Fig. 4.24 (a) shows the PL intensity
as a function of the polarization detection angle for a bilayer ﬂake. Fig. 4.24 (b) shows a
polar plot of the PL intensity as a function of the detection angle, the intensity extracted
from ﬁtting single Gaussians to the X1 and X2 emissions. The angular separation of the X1
and X2 maxima is 69±1◦. Figure 4.25 shows the map of PL emission intensity for monolayer
ReS2. The map shows the spectral region corresponding to X1 emission. The emission for
X2 was too weak to be clearly observed. The emission is linearly polarized and has maximum
intensity around 1.6 eV. This results conﬁrm previous observations of a linear polarization of
the emission for a range of thicknesses [Zhao 2015, Aslan 2016]. In the work of Aslan, the
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Figure 4.22: (a) PL spectra for diﬀerent thicknesses of ReS2. (b) The energies of the maxima
of the X1 and X2 emissions and their relative energetic separation as a function of the number
of layers.
Figure 4.23: (a) Integrated PL intensity in the whole measured spectra range as a function of
spatial position. (b) Integrated PL intensity as a function of the number of layers.
orientation of the X1 emission relative to the Re-Re chain direction was observed to remain the
same from monolayer to bulk, while the angle between this crystal direction and the direction
of maximum X2 emission increased from around 50◦ for the monolayer to almost 90◦ for bulk.
In our case, the relative orientation of X1 and X2 remains the same for bulk and bilayer.
4.4.2.3 Effect of excitation polarization
Due to the strong absorption anisotropy, we expect the photoluminescence emission intensity
to strongly depend on the excitation polarization. Fig. 4.26 (a) and (b) show maps of the
PL emission intensity as a function of the excitation polarization direction for two diﬀerent
detection polarization directions maximizing the X1 or X2 emission measured on the thickest
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Figure 4.24: Pseudo-color map of PL emission intensity for bilayer ReS2 in the spectral region
corresponding to X1 and X2 emission as a function of the detection angle and (b) polar plot of
the intensity.
Figure 4.25: (a) Pseudo-color map of PL emission intensity for monolayer ReS2 in the spectral
region corresponding to X1 emission as a function of the detection angle and (b) polar plot of
the emission intensity, integrated in the spectral region indicated by the straight lines in panel
(a), as a function of detection angle.
part of the ﬂake. The intensity changes depending on the excitation polarization direction.
Emission at higher energies, in the 1.58 - 1.62 eV range which follows the same polarization
dependence as the X1 and X2 peaks can be observed as a broadened feature in the spectra
where detection is set to maximize X1 emission and as a series of distinct lines for the other
detection polarization. This emission most probably originates from excited excitonic states
[Jadczak 2019, Ho 2002].
Fig. 4.27 shows spectra for perpendicular excitation polarization directions for a detec-
tion angle maximizing (a) the X1 and (b) the X2 emission after subtraction of linear back-
ground. The relative variation of the X1 emission intensity is much stronger than for X2 and
the higher-energetic transitions can be better resolved in the detection conﬁguration maximiz-
ing X2 emission. Fig. 4.28 shows the same set of spectra normalized to the maximum intensity
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Figure 4.26: Pseudo-color maps of polarization intensity as a function of the excitation angle
for the detection angle corresponding to (a) maximum of the emission for X1 and (b) maximum
of the emission of X2.
to demonstrate changes of the spectral shape. For both detection polarizations the X1 emis-
sion seems slightly blueshifted for the 230◦ excitation polarization. The X3 emission is also
stronger for this excitation polarization direction. Based on this measurement alone it hard
do conclude on the nature of this eﬀect, but the changes in spectral shape, i.e. the apparent
blueshift of the X1 peak could be related to a larger intensity of one of the peak components
due to optical alignment of spin-split excitonic sublevels by the linearly polarized excitation
beam [Ivchenko 1995]. The stronger changes of the X1 emission intensity in response to the
polarization direction as compared to X2 could be understood considering the diﬀerent relaxa-
tion mechanisms within the framework of the kinetic model which is discussed in the following
section.
4.5 Kinetic model
To describe our results in a quantitative way and explain the nature of the observed PL emission,
we propose a kinetic model describing the generation, scattering and recombination of excitons
in the X1 and X2 states. We calculate the number of excitons in both direct states and the
radiative recombination probabilities in the presence and absence of a lower-lying state related
to the indirect bandgap.
4.5.1 Direct versus indirect bandgap model
A schematic of the excitonic states is shown in Fig. 4.29. Two direct excitonic states X1 and
X2 lie above a state XI related to an indirect bandgap. The presence of a smaller, indirect
bandgap has been, as described previously, suggested by experimental studies of the absorption
edge [Ho 1998] and photoacoustic and modulated reﬂectance measurements which deﬁned its
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Figure 4.27: (a) Spectra taken at excitation angles corresponding to the minimum and max-
imum intensity of X1 for a detection angle maximizing the X1 emission. (b) Spectra taken at
excitation angles corresponding to the minimum and maximum intensity of X1 for a detection
angle maximizing the X2 emission.
Figure 4.28: (a) Normalized spectra taken at excitation angles corresponding to the minimum
and maximum intensity of X1 for a detection angle maximizing the X1 emission. (b) Normalized
spectra taken at excitation angles corresponding to the minimum and maximum intensity of
X1 for a detection angle maximizing the X2 emission.
energy as 180 meV smaller than that of the direct gap for bulk ReS2 [Zelewski 2017]. DFT
calculations by A. Kuc and coworkers [Urban 2017] also suggested the presence of an indirect
bandgap around 100 meV below the direct gap in bulk.
Under optical CW excitation, excitons are created with a generation rate g in the two
higher, direct excitonic states. We assume the generation rate to be the same for X1 and X2.
An exciton in the X2 state can decay via radiative recombination, described by a time constant
τr as well as scatter to the lower-lying direct state X1 with a time constant τX or to the indirect
state with a time constant τs. An exciton in the X1 state can also decay radiatively or scatter
to the indirect state. The rates of these two processes are assumed to be the same for excitons
in state X1 and X2 and no scattering from the lower to the higher direct state is considered,
which is a valid assumption at 4 K where the energy diﬀerence between the states is larger than
kBT . Recombination from the indirect state occurs with a time constant τI .
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Figure 4.29: The proposed model of the excitonic states. X1 and X2 are the direct excitonic
states and XI is the excitonic state related to the indirect bandgap.
We can describe the generation and decay processes in terms of rate equations describing
the changes of the exciton population in the three states, N1, N2 and NI .

dN2
dt
= − 1
τs
N2 − 1
τx
N2 − 1
τr
N2 + g
dN1
dt
= − 1
τs
N1 +
1
τx
N2 − 1
τr
N1 + g
dNI
dt
=
1
τs
N1 +
1
τs
N2 − 1
τnr
NI
(4.3)
1/τs corresponds to the scattering rate from X1 and X2 to XI , 1/τx to the scattering rate
between the direct excitonic states, 1/τr to the radiative recombination rate and 1/τI describes
the recombination of the excitons in the indirect state. We can easily solve the equations
assuming a steady state is reached under CW excitation, i.e.
dN2
dt
=
dN1
dt
=
dNI
dt
= 0. This
allows us to obtain relations between the number of excitons in the diﬀerent states as a function
of the decay rates:
N1
N2
=
2
τx
+
1
τs
+
1
τr
1
τs
+
1
τr
(4.4)
NI
N2
=
τnr
τs
(
1 +
2
τx
+
1
τs
+
1
τr
1
τs
+
1
τr
)
(4.5)
It is convenient to write these equations as a function of only the ratios of the diﬀerent
decay times τr/τx and τx/τs, so that conclusions can be reached without making assuptions
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about their exact values:
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N2
=
τr
τx
(
2 +
τx
τs
)
+ 1
τr
τs
+ 1
(4.6)
NI
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τnr
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(
2 +
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τs
)
+ 1
τr
τx
τx
τs
+ 1
)
(4.7)
The observed PL intensity depends on the number of excitons in a given state as well as on
the probability of the radiative recombination from this state. The recombination probability is
expressed as the ratio of the radiative recombination rate to the sum of the rates of all possible
recombination processes. The expected intensity ratio of the PL emission from X1 and X2
states is proportional to the ratio of the emission probabilities from these states P1 and P2:
I1
I2
=
N1
N2
· P1
P2
(4.8)
The ratio of these probabilities can again be expressed in terms of the ratios of the decay
times:
P1
P2
= 1 +
τr
τx(
1 +
τr
τs
) (4.9)
Figure 4.30 shows the calculated ratio of the number of excitons in states X1 and X2
(N1/N2), the radiative recombination probability ratio P1/P2 and the predicted PL intensity
ratio I1/I2 = N1P1/N2P2 from the two direct excitonic states as a function of τr/τx. In each
case, the dependence has been calculated for diﬀerent values of τx/τs. In particular, setting
τs = ∞ and as a consequence τx/τs=0 (red curves in Fig. 4.30) is equivalent to assuming the
absence of the indirect state in the model, making the recombination from X1 a ground state
transition. For τs =∞ the predicted PL intensity ratio quickly diverges with τr/τx. It can be
seen from panel (c) that the PL intensity ratio I1/I2 lower than 10 observed experimentally
could be reproduced in the absence of scattering to the indirect state only for τr/τx < 1. This
would mean that the radiative decay is faster than scattering between the two direct excitonic
states, which is typically not expected in semiconductors [Bonch-Bruevich 1968]. On the other
hand, it can be seen that for τx/τs=0.1 and higher the PL intensity ratio approaches a constant
value for τr/τx > 1. In this case, the lifetimes of excitons in the X1 and X2 states are determined
mainly by the relaxation to the lower lying indirect state and the PL emission intensity from
the direct states becomes comparable.
The exact determination of the experimental value of the intensity ratio I1/I2 is diﬃcult
due to the overlap of the peaks and the presence of emission from higher-energetic states, but
it can be estimated to be in the range from 5 to 10. This value could be reproduced well for
τx/τs between 1 and 10 for large τr/τx. For a given τr/τx, the larger the τx/τs ratio, that is
for increasing relative probability of scattering to the indirect state, the stronger the emission
from X2 compared to X1. For τs << τx the I1/I2 ratio approaches 1.
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Figure 4.30: (a) Probability of radiative emission from state X1 and X2, (b) the number of
excitons in state X1 and X2 and (c) predicted PL intensity ratio from state X1 and X2 as a
function of τr/τx. The red line represents the prediction for the direct bandgap (τs =∞) while
the grey lines show predictions for the indirect bandgap case for diﬀerent ratios of scattering
time between the direct excitonic states and the indirect state τx/τs. In all three panels, curves
for τx/τs=0, 0.01, 0.1, 1, 10 and 100 are shown.
Intraband relaxation of excitons is usually a very fast process. In ML and few-layer MoS2
it has been shown to be shorter than 500 fs and to dominate other relaxation processes
[Kozawa 2014]. Exciton-exciton scattering on the timescale of 500 fs [Kozawa 2014] and intra-
and inter-valley scattering on the ps timescale have been reported [Moody 2016]. Exciton-
phonon scattering was shown to occur on the timescale of 70 ps in thin MoS2 [Kozawa 2014].
At low temperatures, reported radiative recombination lifetimes for direct excitons in thin
layered materials are usually on the order of sub-ps [Robert 2016, Moody 2016] to hundreds
of ps [Kozawa 2014]. Based on the values observed for other thin layered materials we can
estimate the recombination time from the direct excitonic states in ReS2 τr to be in the ps
time range and τx and τs in the tens to hundreds of fs range, giving an estimate of τr/τx > 10.
Therefore, we conclude that for a reasonable set of parameters the suggested model including
an indirect bandgap can explain the comparable emission intensity from X1 and X2.
The observed PL emission intensity from the direct states is relatively weak, which suggests
that the scattering to the indirect state is faster than radiative recombination and can eﬀectively
depopulate the direct states. Based on the experimentally detected number of counts per second
we estimate the PL to be 2 orders of magnitude weaker than for typical direct band gap TMDs,
suggesting τs/τr ≈ 100. Consequently, both scattering times τs and τx could be considered
comparable and on the order of tens to hundreds of fs.
A very short radiative lifetime of X1 and X2 excitons is conﬁrmed by time resolved spectro-
scopy. Figure 4.31 (a) shows a streak camera image of time-resolved PL measured acquired at
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10 K on a thick ﬂake of ReS2. Panel (b) shows the vertical cross-section taken at the energy
of 1.54 eV. The decay time of the PL is below the time resolution of our setup which is in the
range of 5 ps. This is in line with previous observations of decay times around 3-5 ps for MoS2,
MoSe2 and WSe2 monolayers at low temperatures limited by the experimental time resolution
[Robert 2016].
Figure 4.31: (a) Streak camera image of time-resolved PL emission measured at 10 K for a
thick ﬂake of ReS2. (b) Time proﬁle proﬁle showing the decay at 1.54 eV.
Within the rate equation model we can also calculate the number of excitons in the indirect
state NI relative to N2. The number of excitons in XI state relative to the number of excitons
in the higher direct state increases for slower recombination from XI and for faster scattering
to this state. Radiative recombination from an indirect exciton state requires the emission or
absorption of a phonon and is a less probable and slower process than radiative recombination
from a direct state. Lifetimes related to indirect emission have been shown to be on the order
of several ns [Kozawa 2014]. In particular, for τx/τs in the experimentally observed range and
assuming τI/τx ≈ 1 ns/100 fs = 104 we can predict the number of excitons in the indirect state
to be larger by a factor of almost 105 compared to the number of excitons in the higher-energetic
direct state. This would be consistent with the weak observed intensity of the PL from the
direct excitonic states.
4.5.2 Temperature dependence
Fig. 4.32 (a) shows the photoluminescence spectra as a function of temperature in the 5-80K
range, where both transitions can still be clearly resolved, normalized to the X1 intensity and
shifted in energy to overlap at the X1 maximum at E=0. The I1/I2 emission intensity ratio
decreases with increasing temperature. A possible reason could be the increasing probability of
thermal excitation from the lower-lying X1 to X2 with increasing temperature which is negligible
at the lowest temperatures. It is complicated to predict how the ratios of the recombination
times τr/τx and τx/τs evolve with temperature, since the eﬀective radiative lifetime for direct
excitons is expected to increase with temperature by 1-10ps/K [Moody 2016, Korn 2011] and
on the other hand, scattering by phonons, which is a possible mechanism of the transition from
the direct to indirect state, is predicted to become more likely with increasing temperature,
leading to a decrease of τs.
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The thermal activation from X1 to X2 can be included in the kinetic model with a time
constant τtherm: 

dN2
dt
= − 1
τs
N2 − 1
τx
N2 − 1
τr
N2 +
1
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N1 + g
dN1
dt
= − 1
τs
N1 +
1
τx
N2 − 1
τr
N1 − 1
τtherm
N1 + g
(4.10)
Solving these equations assuming a steady state leads to an expression for the predicted
photoluminescence intensity ratio:
I1
I2
=
τr
τx
(
2 +
τx
τs
)
+ 1
1 +
τr
τs
+
τr
τtherm
·
(
1 +
τr
τx
+
τr
τtherm
1 +
τr
τs
)
(4.11)
For simplicity it can be assumed that τr, τx and τs do not depend on the temperature and
that τtherm, the inverse of the scattering rate from the lower to the higher direct state can be
expressed as:
τtherm =
1
v exp
(
− (E2 − E1)
kBT
) (4.12)
where (E1 − E2) is the energy diﬀerence between the two direct excitonic states and v is a
constant describing the rate of the activation process [Baranowski 2018]. The normalized PL
spectra for diﬀerent temperatures have been ﬁtted with three Gaussian peaks to account for
X1 and X2 emission and the background. Fig. 4.32 (b) shows the spectra and ﬁts for 4.5 K
and 80 K. The intensity ratio and the energy diﬀerence (E2 − E1) have been determined from
the ﬁts. Fig. 4.32 (c) shows the experimentally determined I1/I2 ratio for temperatures up to
80 K. I1/I2 decreases from almost 9 at 4.5 K to around 2 at 80 K.
Substituting τtherm in equation 4.11 by the expression given in equation 4.12 and using
(E2−E1) determined experimentally it is possible to calculate the predicted PL intensity ratio
for diﬀerent values of τr/τx, τx/τs and τr/τtherm = τr ·v. It can also be assumed that τx = v−1.
This means that the transition ’attempt’ rate can be described by a rate constant v and each
attempt is succesful for scattering from the higher to the lower state, while the probability of
the scattering from the lower to the higher state is governed by the thermal Boltzmann factor.
Fig. 4.33 shows the PL intensity ratio I1/I2 as a function of temperature calculated assuming
τx = v−1, τr/τx = 100 and for diﬀerent values of τx/τs. The experimental observation cannot
be reproduced well using these assumptions, but a decrease of the PL intensity ratio with
temperature is also observed. The relative intensity change with temperature is larger for lower
τx/τs. Finally, it should be stressed the I1/I2 ratio determined from ﬁtting of the experimental
temperature-dependent data is only approximate and it is hard to directly compare it with
results of the calculations.
4.5.3 Emission intensity as a function of excitation polarization
As shown in the previous section, the experimentally observed variation of the PL intensity with
the changing direction of the excitation polarization was much stronger for the X1 emission than
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Figure 4.32: (a) PL spectra of a thick ReS2 ﬂake showing the X1 and X2 emission, normalized to
the X1 intensity and shifted in energy to overlap at the X1 maximum for a range of temperatures.
(b) PL spectra for 4.5 K and 80 K and three Gaussian peaks used to ﬁt the data as well as
the cumulative ﬁt. The peak ﬁt to X1 is shown in red, the peak ﬁt to X2 in green and the
Gaussian peak used to ﬁt the background in dark blue. (c) The experimentally observed PL
intensity ratio I1/I2 as a function of temperature.
for X2.
Considering Eq. 4.3 and assuming steady state, we can express the number of excitons in
both direct states as a function of the decay times and the generation rate g:

N2 =
g
1
τs
+
1
τx
+
1
τr
N1 =
g +
N2
τx
1
τs
+
1
τr
(4.13)
The generation rate depends on the absorption coeﬃcient for linearly polarized light and
changes with the changing excitation polarization direction. The change of the number of
excitons in each state with g can be deﬁned as:


dN2
dg
=
1
1
τs
+
1
τx
+
1
τr
dN1
dg
=
1 +
1
τx
dN2
dg
1
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(4.14)
and is diﬀerent for the two states. The larger dNi/dg, the stronger the emission intensity
changes will be as a function of the excitation polarization direction. It is worth noting that
dN1/dg depends also on dN2/dg, since the excitons can scatter from the higher to the lower
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Figure 4.33: (a) PL intensity ratio I1/I2 as a function of temperature for diﬀerent values of
τx/τs, τx = v−1 and τr/τx = 100. (b) curve for τx/τs = 1 and (c) τx/τs = 2.5.
state. Fig. 4.34 shows the ratio (dN2/dg)/(dN1/dg) as a function of τr/τx for diﬀerent τx/τs
ratios. For the radiative recombination slower than scattering between the states (τr/τx >> 1)
depending in τx/τs the rate of change of the number of excitons with the generation rate can be
almost the same for X1 and X2 (τx >> τx) or signiﬁcantly smaller for X2 (τx < τx). This means
that the scattering from the higher to the lower excitonic state can explain the signiﬁcantly
smaller sensitivity of the X2 PL emission intensity to the excitation polarization. The faster
the scattering from the higher to the lower direct state relative to the scattering to the indirect
state, the more pronounced this eﬀect will be.
4.6 Conclusion
In this chapter, the properties of anisotropically stacked ReS2 were investigated using Raman,
reﬂectivity and PL spectroscopy. Linearly polarized features in emission and reﬂectivity corres-
ponding to two previously described direct excitons were observed. A monotonic dependence of
the PL intensity on ReS2 thickness suggested that the nature of the bandgap does not change
with the number of layers. The comparable intensity of the two lowest-lying excitonic states
suggested the hot nature of the photoluminescence and the generally weak PL intensity poin-
ted to the existence of scattering mechanisms responsible for depopulating the direct excitonic
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Figure 4.34: Ratio of the derivatives of the number of the number of excitons with respect to
the generation rate g for state X2 and X1 as a function of τr/τx. Curves for diﬀerent values of
τx/τs are shown in diﬀerent colors.
states. The presence of an excitonic state related to the narrower fundamental indirect bandgap
was proposed and a kinetic model describing the exciton scattering and recombination allowed
to partly explain the experimental observations.
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The ﬁrst part of this chapter presents the motivation of our study, the observation of one-
dimensional corrugation in exfoliated franckeite ﬂakes, and describes the optical properties of
franckeite. Next, our reﬂectivity and Raman spectroscopy measurements on exfoliated franckeite
samples are described. Polarization dependent reﬂectivity measurements revealed slight linear
anisotropy of the heterostructure. The polarization dependence of the Raman spectra was invest-
igated and the intensity of the modes at 186 cm−1, 253 cm−1 and 322 cm−1 was characterized
as a function the polarization direction of the excitation beam. Anomalous polarization depend-
ence, which could not be explained only by the mode symmetry, was observed. The presence of
an anisotropy axis oriented along one of the ﬂake cleavage directions suggests the anisotropy of
the absorption and refraction indices with respect to the rippling direction of franckeite.
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5.1 Introduction
Despite the two constituent lattices of franckeite being isotropic in-plane (with hexagonal and
cubic symmetry for SnS2 and PbS layers, respectively), anisotropy appears in the heterostruc-
ture due to their incommensurate character. Fig. 5.1 shows the TEM image of a suspended
franckeite ﬂake clearly showing one-dimensional rippling with a period below 5 nm. Prelimin-
ary transport measurements suggested strong anisotropy of conductivity along the directions
parallel and perpendicular to the ripples.
Figure 5.1: Optical microscopy image of a franckeite ﬂake (left) placed on a TEM grid and TEM
image (right) of a suspended part of the ﬂake with clearly visible one-dimensional corrugation.
The images were taken by our collaborators from the group of A. Castellanos-Gomez.
Because of the expected anisotropy of the optical and transport properties of franckeite
induced by the one-dimensional rippling of the heterostructure, it is important to establish a
fast and non-invasive method of identifying the orientation of the periodic pattern. Polarization
dependence of the intensity of Raman modes in materials with optical anisotropy cannot be
described based only on the classical real Raman tensor formalism. Here, we propose that the
observation of the anomalous polarization dependence of the Raman modes can be used to
identify the rippling direction.
5.2 Optical properties of franckeite
5.2.1 Raman spectrum
The Raman spectrum of franckeite consists of several bands in the 50-400 cm−1 spectral re-
gion. Their exact assignment is complicated due to the complex structure of the material. An
assignment of the modes can be done based on the known Raman spectra of the constituent
metal sulﬁdes [Velický 2017b, Molina-Mendoza 2017]. Fig. 5.2 shows a comparison of Raman
spectra of franckeite from several works. A lowest-lying band at around 66 cm−1 has been
attributed to PbS [Molina-Mendoza 2017]. Two bands at around 143 and 185-200 cm −1 have
5.2. Optical properties of franckeite 95
been assigned to the SnS2 berndtite phase in the hexagonal layer and the PbS phase in the
tetragonal layer [Molina-Mendoza 2017]. In all of the spectra a dominant peak can be seen
at around 250-260 cm−1 together with a weaker shoulder at around 276-277 cm−1. Both of
these modes have been assigned to the stibnite Sb2S3 phase in the tetragonal layer. It has
also been suggested that the peak at 250-260 cm−1 arises due to a combination of modes from
the Q and H layers [Molina-Mendoza 2017]. A mode observed around 320 cm−1 has also been
attributed to the berndtite phase. A detailed assignment of the modes can be found in the work
of [Molina-Mendoza 2017]. Both stibnite and berndtite have larger bandgaps (1.72 eV and 2.1
eV, respectively) than PbS (0.37 eV). Consequently, they absorb less and scatter light more
strongly than PbS at the 532 nm wavelength used for excitation, which explains the dominance
of the features related to these compounds in the Raman spectra. No clear changes in the
shape of the Raman spectrum with thickness can be seen and the intensity changes have been
attributed to interference eﬀects in multilayer material (Fig. 5.2 (b)). Spectra diﬀer slightly
for bulk franckeite powder concentrated colloidal liquid-phase exfoliated material.
Fig. 5.3 shows the Raman spectra of (a) SnS2 and (b) Sb2S3. The spectrum of berndtite
shows a single strong peak at 315 cm−1 and the spectrum of stibnite multiple peaks at fre-
quencies at which features are observed also in the spectrum of franckeite. The spectra of
Sb2S3 shown in Fig. 5.3 (b) were measured in two diﬀerent polarization conﬁgurations and
diﬀerences in the peak intensities can be noticed. The x¯(yy)x conﬁguration corresponds to the
backscattering geometry with parallel polarization, which was used in this work.
Figure 5.2: Comparison of Raman spectra of franckeite with marked characteristic peaks after
(a) [Steinberg ] (b) [Ray 2017] (c) after [Velický 2017b] (d) after [Molina-Mendoza 2017] .
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Figure 5.3: Raman spectra of (a) SnS2 [Utyuzh 2010] (b) Sb2S3 [Sereni 2010]. The spectra of
Sb2S3 shown in panel (b) have been measured in two diﬀerent polarization conﬁgurations, the
backscattering copolarized and 90o geometry.
5.2.2 Absorption and reflectivity
Diﬀuse reﬂectance spectroscopy measurements were performed to determine the bandgap of
bulk franckeite [White 1998]. The spectra of franckeite and cylindrite, converted to absorbance,
are shown in Fig. 5.4. The absorption edge onset is slow and not very sharp, making it diﬃcult
to determine whether the spectra represent the intrinsic shape of the band edge or also show
contributions from impurity and defect states. The band gap, determined as the crossing point
of the extrapolated base line and absorption edge, is 0.65 eV.
Optical contrast in the visible range was investigated for mechanically exfoliated nanosheets
of diﬀerent thickness using quantitative optical microscopy [Gant 2017]. Fig. 5.5 (a) shows the
optical contrast spectra as a function of wavelength for a range of sample thicknesses and Fig.
5.5 (b) the optical contrast for a range of wavelengths as a function of ﬂake thickness. A
model based on the Fresnel law, accounting for the reﬂections and refractions of light at the
air/franckeite, franckeite/SiO2 and SiO2/Si interfaces with the complex refractive index as the
ﬁtting parameter was used to explain the results. The shape of the spectrum can be used to
identify thickness, but the substrate (i.e. the thickness of the SiO2 layer) has to be taken into
account. No excitonic features were observed, as expected, because the band edge is far from
the measurement spectral range.
5.3 Investigated samples
The samples investigated in this work were prepared by P. Gant in the group of A. Castellanos-
Gomez in Instituto de Ciencia de Materiales de Madrid. Thin franckeite ﬂakes were prepared
by mechanical exfoliation from bulk crystals originating from a natural rock (san José mine,
Oruro, Bolivia). The ﬂakes were exfoliated onto a PDMS substrate and deposited on a 292
nm SiO2/Si substrate by an all-dry transfer technique [Gant 2017]. AFM characterization, also
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Figure 5.4: Absorption edge spectra of cylindrite and franckeite. After [White 1998].
Figure 5.5: Optical contrast spectra for diﬀerent thicknesses of franckeite on a 92 nm SiO2/Si
substrate. [Gant 2017] .
performed in the group of A. Castellanos-Gomez allowed to determine the thickness of the ﬂake.
The AFM topography image of the investigated ﬂake is shown in Fig. 5.6 (a). A thicker and
thinner part can be distinguished, which based on the two marked proﬁles could be identiﬁed as
around 87 nm and 42 nm thick. This corresponds to around 47 and 23 repeating units consisting
of a H and a Q layer, assuming a single unit cell thickness of 1.85 nm [Velický 2017b]. The
optical image of the same ﬂake is shown in Fig. 5.6 (b).
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Figure 5.6: (a) AFM topography image of the investigated ﬂake with marked proﬁles which
were used to estimate thickness. (b) Optical micrograph of the same ﬂake.
5.4 Reflectivity contrast measurements
Reﬂectivity contrast measurements were performed using the microspectroscopy setup at the
LNCMI Toulouse. The measurements were made at room temperature. Fig. 5.7 (a) shows the
spectra acquired on the thick and thin parts of the ﬂake, panel (b) shows the optical contrast
at 1.93 eV corresponding to the dip in the spectrum for the thick ﬂake showing the regions of
uniform thickness and panel (c) the micrograph of the ﬂake with marked positions at which the
spectra were acquired.
Figure 5.7: (a) Typical reﬂectivity contrast spectra acquired on the 87 nm (red) and 42 nm
(black) thick regions of the ﬂake. (b) Map of optical contrast at 1.93 eV. (c) Optical micrograph
of the ﬂake with marked positions at which the spectra were acquired.
Polarization-resolved reﬂectivity contrast measurements were performed on the thicker part
of the ﬂake. Fig. 5.8 (a) shows the optical contrast spectra for two perpendicular detection
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polarization angles. Fig. 5.8 (b) shows the optical contrast as function of energy and linear
polarization detection angle. Slight changes of the spectrum can be seen as a function of the
detection angle, which suggests the presence optical anisotropy caused by the one-dimensional
rippling of the heterostructure.
Figure 5.8: (a) Reﬂectivity contrast spectra acquired for two diﬀerent detection polarization
directions measured on the thick part of the ﬂake. (b) Optical contrast as a function of energy
and detection angle.
5.5 Raman spectroscopy
We performed Raman spectroscopy measurements at room temperature. For excitation, the
CW 532 nm line of a solid state laser was used at 2 mW power. For the mapping of the sample
a dichroic mirror was used to obtain better signal-to-noise ratio. For the polarization-resolved
measurements, a nonpolarizing cube beamsplitter was mounted to avoid polarization artifacts
introduced by the dichroic mirror.
5.5.1 Thickness dependence of unpolarized Raman spectra
Fig. 5.9 (a) shows the Raman spectra acquired on the substrate and on the thin 40 nm and
the thicker 90 nm parts of the franckeite ﬂake. The Raman features related to franckeite in the
200-400 nm range overlap with spectral features from silicon, including the 300 cm−1 2TA mode
[Spizzirri 2010], and the spectra have to be corrected for the contribution from the substrate
[Velický 2017b]. The substrate spectrum has been rescaled so that the intensity of the 520
cm−1 Si peak matches with that of the franckeite spectrum and then subtracted from the other
spectra as shown in Fig. 5.9 (b). Fig. 5.9 (c) shows the spectra of the thinner and thicker
ﬂake after background spectrum subtraction. While a change in the intensity can be noticed,
no signiﬁcant change of the spectral shape occurs with thickness.
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Figure 5.9: Raman spectra acquired on the SiO2/Si substrate and on a 90 nm and a 40 nm
thick franckeite ﬂake. (b) Rescaled spectrum of the substrate and the spectrum of the thinner
ﬂake before (orange) and after (red) subtracting the substrate spectrum (c) Spectra of the 90
nm (blue) and 40 nm (red) franckeite ﬂake before and after substrate spectrum subtraction. In
panels (b) and (c) the points show raw data and the lines smoothed spectra.
5.5.2 Polarization-resolved measurements
Polarization-resolved Raman spectroscopy measurements were performed to identify the sym-
metry of the modes and investigate the optical anisotropy of the sample. The conﬁguration of
the setup is described in Chapter 2. The spectra were normalized by the intensity of the laser
line to compensate for the polarizing characteristic of the diﬀraction gratings. Fig. B.22 shows
spectra obtained by averaging the spectra measured on the thicker part of the ﬂake for a full
range of excitation angles acquired in the co-polarization and cross-polarization conﬁgurations.
The most prominent feature is the peak at 253 cm−1 with a shoulder at 277 cm−1. These peaks
have been previously interpreted as modes related to the stibnite spectrum from the Q phase
[Ray 2017]. The peak around 300 cm−1 most probably originates from the substrate. The pos-
ition of the mode at 322 cm −1 corresponds to the energy of the A1g vibration observed in SnS2
[Molina-Mendoza 2017]. The assignment of the two lowest-energetic modes is not straightfor-
ward, as they have been previously attributed to diﬀerent modes or their combinations from
both the Q and H layer.
Fig. 5.11 shows the Raman intensity maps as a function of the excitation angle for the co-
and cross-polarized conﬁguration. The 0o angle corresponds to excitation polarization parallel
to the horizontal direction on the ﬂake micrograph shown in Fig. 5.13 (b). The modes show
a strong modulation of intensity with the excitation polarization direction. In the copolarized
conﬁguration, a twofold periodicity can be observed for almost all of the modes (the polarization
dependence is diﬃcult to resolve for the 277 cm−1 peak because of the close-lying, stronger 253
cm−1 peak, as well as for the 144 cm−1 broad peak due to low intensity). In the cross-polarized
conﬁguration, for the 186 cm−1 and 253 cm−1 mode a fourfold symmetry of the polarization
pattern can be seen. The 322 cm−1 mode is absent in the cross-polarized conﬁguration. Fig.
5.12 shows chosen Raman spectra measured in the co- and cross-polarization as a function of
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Figure 5.10: Raman spectrum of the thicker franckeite ﬂake with marked characteristic modes
for (a) co-polarized and (b) cross-polarized detection conﬁgurations and averaged over the full
range of excitation directions.
the excitation angle.
Figure 5.11: Maps showing the Raman mode intensity as a function of excitation angle for the
(a) co- and (b) cross-polarization.
In order to quantitatively describe the polarization dependence, the spectra were ﬁtted
using six Gaussian peaks corresponding to the ﬁve franckeite modes and the mode originating
from the substrate. The ﬁt for the copolarized spectrum measured at 0o excitation polarization
direction is shown in Fig. 5.13. The peak positions and widths were ﬁxed and the peak height
was extracted as a measure of intensity and plotted in Fig. 5.14 for the three franckeite modes
at 186, 253 and 322 cm−1 for which a clear polarization dependence could be resolved. Fig.
5.15 shows the polar plots of peak height in co- and cross-polarization overlaid on one graph
for the 186 cm−1 and 253 cm−1 modes The directions of the polarization axes observed in
copolarization determined based on the polar plots are shown with arrows in Fig. 5.14 and
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Figure 5.12: Chosen Raman spectra for diﬀerent excitation angles at 30o intervals for the (a)
co- and (b) cross-polarization conﬁgurations.
have been overlaid with the ﬂake micrograph in Fig. 5.13 (b). This allowed us to compare
the directions of the ﬂake cleavage with polarization directions observed for the Raman modes.
The polarization direction along which maximum intensity of the 322 cm−1 mode is observed
in copolarization is parallel to the long edges of the thinner part of the ﬂake. The polarization
direction for the two remaining modes is parallel to one of the edges of the thicker part of the
ﬂake.
Figure 5.13: (a) Example of ﬁtting for the spectrum for 0o excitation angle with Gaussian
peaks ﬁtted to the transitions. (b) Optical micrograph of the ﬂake with marked 0o direction
(dashed line) and the maximum intensity directions derived from the polar plots for the 186
cm−1 (green), 253 cm−1 (dark blue) and 322 cm−1 (orange) modes.
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Figure 5.14: Polar plots showing the intensity of the 186 cm−1 (green), 253 cm−1 (dark blue)
and 322 cm−1 mode as a function of excitation angle in the copolarized (top) and cross-polarized
(bottom) conﬁguration. The 322 cm−1 mode was not observed in the cross-polarization. The
arrows mark the approximate directions of the maximum intensity.
Figure 5.15: Raman mode height as a function of the excitation angle in the co- (color) and
cross-polarization (grey) for the 186 cm−1 and 253 cm−1 modes.
Based on the observed polarization dependence, we can reach conclusions about the sym-
metry of the observed modes. In hexagonal SnS2, the A1 and E2 modes are Raman active in
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backscattering geometry. The Raman tensors of these modes have the form:
RˆA1 =

a 0 00 a 0
0 0 b

 RˆE2 =

d 0 00 −d 0
0 0 0

 ,

 0 −d 0−d 0 0
0 0 0


The dependence of the intensity on the excitation polarization in co- and cross- detection
polarization calculated based on Eq. 2.23 for these modes is shown in Fig. 5.16. A four-fold
symmetry pattern in co- and cross- polarization is observed for both E2 modes, with a relative
diﬀerence in the orientation of the polarization axes of 45o (the dependence for only one of
the modes is shown in Fig. 5.16). The calculated intensity dependence predicted based on the
real Raman tensor for the A1 mode is consistent with the absence of the 322 cm−1 mode in
cross-polarization. However, this approach cannot explain the presence of twofold anisotropy
observed in copolarization. A modiﬁed form of the A1 mode tensor with unequal diagonal
elements, which could be caused by a reduced in-plane symmetry of the hexagonal layer for
example due to strain, could explain the anisotropy in copolarization, but on the other hand
would result in the observation of nonzero intensity in cross-polarization.
The two remaining modes, for which a clear polarization dependence could be identiﬁed
have been previously interpreted as a combination of phonons from the PbS and SnS2 phase
(253 cm−1 mode) and either an LO PbS phonon or Eg SnS2 vibration (mode observed by us
at 186 cm−1) [Molina-Mendoza 2017]. In another work the 253 cm−1 mode was assigned to the
Sb2S3 stibnite phase and the 186 cm−1 mode to the SnS2 phase [Ray 2017]. The polarization
dependence measured by us follows the same pattern for both peaks with twofold symmetry
in copolarization and fourfold symmetry in cross-polarization. This excludes the assignment of
these modes as Eg vibrations of the hexagonal lattice, which would result in a fourfold pattern
in both the co- and cross-polarization. The symmetry of the observed polarization pattern
could be explained considering the Raman tensor for an Ag vibration in an orthorombic lattice:
RˆA1 =

a 0 00 b 0
0 0 c

 (5.2)
If orthorombic inclusions of Sb2S3 locally exist within the PbS symmetric cubic lattice, the A1
vibration could be the origin of the observed mode. Interestingly, two of the lobes in cross-
polarization have larger intensity, which cannot be explained only based on the form of the
Raman tensor.
In materials with optical anisotropy, the observed polarization dependence of the intensity
cannot be described only based on the symmetry of the modes described by the real elements
of the Raman tensor. Anomalous dependence of the Raman mode intensity on polarization
has been previously observed in materials with in-plane anisotropy such as black phosphorus
[Kim 2015, Wang 2018], MoTe2 [Song 2017], GaTe [Huang 2016a] or ReS2 [Zhang 2017b]. Bi-
refringence and anisotropic absorption lead to the observation of a more complex dependence
of the scattering intensity on the polarization conﬁguration [Kranert 2016]. For an absorbing
material, the polarizability is complex and as a consequence, the Raman tensor has complex
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Figure 5.16: Calculated Raman mode intensity in copolarization and crosspolarization for the
A1 and E2 modes in a hexagonal lattice.
elements:
Rˆ =

aeiφa 0 00 beiφb 0
0 0 ceiφc


where φa, φb, φc are the phases of the tensor elements which are not equal for materials with an-
isotropic absorption properties [Ribeiro 2015, Zhang 2017b]. The scattering intensity depend-
ence on the polarization angle is modiﬁed and depends on the relative phase shifts between
the tensor elements. For example, the intensity of the A1 mode described in Chapter 2 for a
non-absorbing material of triclinic symmetry with two non-equivalent in-plane directions can
now be expressed as a function of θ as:
Ico ∝ |a|2
[∣∣∣1 + ( |b||a| − 1
)
sin2(θ)
∣∣∣2 + 1
2
|b|
|a| sin
2(2θ)(cos(φab)− 1)
]
(5.4)
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Icross ∝ |a|2
[
1
4
( |b|
|a| − 1
)2
+
1
2
|b|
|a|
(
1− cos(φab)
)]
sin2(2θ) (5.5)
Fig. 5.17 shows the calculated polarization dependence of the A1g mode intensity for diﬀerent
degrees of absorption anisotropy deﬁned by φab. In co-polarization, the shape of the polarization
dependence is modiﬁed by the anisotropic absorption and additional maxima appear along the
direction perpendicular to the main axis of the polar plot. In cross-polarization, a signiﬁcantly
larger intensity can be observed compared to the case with no absorption.
Birefringence has a qualitatively similar eﬀect of modifying the polarization dependence.
The polarization states of the incident and scattered light can be altered after passing through
the sample [Zhang 2017b]. The polarizations of the incident and scattered light at a ﬁnite depth
within the sample where the scattering occurs are diﬀerent from the polarization of the incident
beam before entering the sample and the scattered light polarization measured after the signal
emerges from the sample [Kranert 2016]. The layer of the material above the point at which
the scattering occurs can be treated as an optical element with an anisotropic refractive index.
The scattering intensity can be described using a depth-dependent eﬀective Raman tensor with
a phase factor dependent on the anisotropy of n˜ [Kranert 2016].
Figure 5.17: Calculated Raman A1 mode intensity in (a) copolarization and (b) cross-
polarization for diﬀerent values of the phase diﬀerence φab and a/b=0.8.
A model taking into account the inﬂuence of multiple reﬂections and interference on light
absorption and propagation of scattered light was suggested [Yoon 2009] and applied to explain
for example the anomalous polarization dependence observed in black phosphorus [Kim 2015].
Fig. 5.18 (a) shows a schematic of the multiple reﬂection interference, the top panel showing the
propagation of the incident light and the bottom panel the propagation of the Raman scattered
light. Absorption and scattering processes are treated separately in this model. The absorption
at depth x in the sample is expressed using the Fresnel coeﬃcients at the interfaces, which are
deﬁned based on the complex refractive indices of the layers, and wavelength dependent terms.
A similar term is used to express the Raman signal enhancement. The scattering and absorption
terms Fab and Fsc can be used to deﬁne a total enhancement factor F :
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F ∝ N
∫ d1
0
|FabFsc|2dx (5.6)
where N is a normalization factor and the square of the product of the terms is integrated over
the whole thickness of the sample d1. The measured Raman intensity is equal to I = Ii · F ,
where Ii is the intrinsic Raman scattered light intensity. Fig. 5.18 (b) shows the ratio of the
enhancement factors along the two perpendicular directions in anisotropic black phosphorus as
a function of BP thickness and for diﬀerent excitation wavelengths. Both these factors strongly
inﬂuence the enhancement ratio, which means that thickness and excitation energy should be
taken into account when interpreting an observed polarization dependence. From Fig. 5.18 (b)
it can be seen that the enhancement ratio is close to unity for sample thicknesses up to 50 nm
for all excitation wavelengths, while the enhancement becomes strongly anisotropic for thicker
samples.
Figure 5.18: (a) Schematic of multiple reﬂection interference in the absorption (top) and scatter-
ing processes (bottom). The light gray layer with thickness d1 represents the sample material,
the colored layer with thickness d2 the SiO2 substrate, the dark gray - Si. x is the depth
within the sample layer at which the scattering occurs. After [Yoon 2009]. (b) Enhancement
ratio obtained by dividing the enhancement factor for the zigzag direction by the factor for the
armchair direction for diﬀerent excitation wavelengths for 90 nm black phosphorus on 300 nm
SiO2 on the Si substrate [Kim 2015].
The anomalous polarization dependence observed by us could be explained by the anisotropy
of Raman enhancement factors. The large thickness of the measured ﬂake (around 90 nm)
suggests that the polarization state of the incident and scattered light can be signiﬁcantly
altered after passing through the sample due to multiple reﬂections. The two smaller minima
observed in cross-polarization for the lower-energetic modes are oriented along the same axis
which can be deﬁned for the 322 cm−1 mode in copolarization. A possible explanation is that
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this axis deﬁnes the direction parallel to the ripples and diﬀerent Raman enhancement factors
can be observed for light polarized parallel and perpendicular to the sample rippling direction.
The direction of the axis is parallel to the long edges of the thinner part of ﬂake (Fig. 5.13
(b)). It has been previously observed that franckeite has a preferred cleavage direction along
the ripples, resulting in ﬂakes with large length-to-width aspect ratio [Velický 2017b]. The
crystalline orientation is most probably the same for the thinner and thicker part of the ﬂake,
which would conﬁrm that the observed anisotropy of the Raman intensity is related to the
corrugation.
5.6 Conclusions
An anomalous polarization dependence was observed for a 90 nm thick franckeite ﬂake, which
could not be explained by considering only the symmetry of the Raman modes. We explain
the observed intensity pattern by the presence of optical anisotropy induced by rippling. The
unexpected anisotropy of the 322 cm−1 A1 mode in copolarization as well as the anomalous
dependence observed for the two other analyzed modes in cross-polarization allowed us to deﬁne
an optical anisotropy axis, which most likely is parallel to the direction of the one-dimensional
rippling of the heterostructure. The observation of this anomalous polarization dependence
could provide a means of identifying the rippling direction using Raman spectroscopy. However,
as the Raman enhancement factor for anisotropic materials is sensitive to the sample thickness
and excitation wavelength, these factors should be considered when using Raman spectroscopy
to identify the rippling directions in franckeite.
Chapter 6
Conclusions
With the ongoing trend of miniaturization of electronic devices, semiconducting atomically
thin layered materials are natural candidates for a variety of applications. In-plane anisotropy,
exhibited by some of these compounds, provides an additional way of tuning the thermal and
electrical transport and could be used to realize polarized light emission and detection. There
is therefore a strong motivation to gain a better understanding of the fundamental properties
of these materials. In this thesis, we have investigated the vibrational and optical properties of
three layered materials with in-plane anisotropy: black phosphorus and rhenium disulﬁde, for
which anisotropy results from the low symmetry of their crystal lattices, as well as franckeite, a
natural heterostructure for which the incommensurate character of the two constituent lattices
results in one-dimensional in-plane rippling.
In the ﬁrst part of this thesis, we investigated the vibrational properties of black phos-
phorus using Raman spectroscopy. Compared to other layered materials, BP has exception-
ally strong interlayer coupling. The high environmental instability of black phosphorus makes
encapsulation a crucial step towards the realization of functional devices. We characterized
h-BN/BP/h-BN few-layer thick encapsulated samples to understand how encapsulation can
inﬂuence their structural and vibrational properties. The Raman line narrowing by around
1 cm−1 compared to previous studies was a proof of high material quality and, interestingly,
allowed us to make the ﬁrst experimental observation of the theoretically predicted change of
the A1g mode frequency in the surface layers of few layer thick black phosphorus. This frequency
change is reﬂected in the appearance of a new Raman peak around 4 cm−1 above the main
A1g component for trilayer and and thicker samples. We observed a decrease of the intensity of
this peak relative to the intensity of the main A1g component with an increasing number of BP
layers, consistent with the assignment of this mode to the vibrations of the atoms in the surface
layers. Comparing the experimental observations with the results of theoretical calculations,
we discussed the unexpected blueshift of the surface mode in the context of the changes of the
lattice constants in the surface layers.
Rhenium disulﬁde is a material with triclinic symmetry which, in contrast to BP, has good
environmental stability. An unresolved controversy exists in the literature concerning the nature
of the fundamental bandgap of ReS2. In particular, we were motivated by a theoretical study
suggesting the indirect character of the bandgap for all thicknesses of rhenium disulﬁde apart
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from the bilayer, for which a crossover to a direct bandgap in analogy W and Mo based TMDs
was predicted. We performed PL characterization of ReS2 as a function of the number of layers
and could identify the two previously reported excitonic transitions around 1.55 eV (X1) and
1.57 eV (X2) characterized by strong linear anisotropy of absorption and emission. Based on the
monotonous dependence of PL intensity on thickness we concluded that there is no change of
the bandgap nature with the number of layers. The PL intensity was comparable for emission
from both excitonic states, which given their relative energetic separation of around 20 meV
indicates a non-thermalized exciton population. We suggest that a lower-lying state related to
a smaller indirect bandgap is responsible for the fast depopulation of the direct states and the
departure from the Boltzmann distribution for the number of excitons in the X1 and X2 states.
Finally, we can support this conclusion by comparing the experimental observations with the
predictions of a kinetic model describing the radiative recombination and scattering of excitons
in the direct and indirect states.
The exfoliation of natural heterostructures provides an interesting alternative to the stacking
of layers by deterministic placement, which carries the risk of introducing contamination and
poor control over the layer orientation. Franckeite is a natural p-type type II heterostructure
for which the incommensurate character of the tetragonal and hexagonal-like layers results in
a one-dimensional structural deformation. This can lead to the anisotropy of the electrical
transport and optical properties. We investigated the polarization dependence of the Raman
mode intensity for exfoliated franckeite ﬂakes to establish a method of determining the in-plane
rippling direction. We observed an anomalous polarization dependence of the 186 cm−1 and 253
cm −1 peaks related to the Q-layer and the 322 cm−1 H-layer A1g Raman mode. The anisotropy
axis observed in these measurements is parallel to one of the cleavage directions of the ﬂakes,
which likely corresponds to the direction along the one-dimensional ripples.
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Appendix B
Résumé de la thèse en français
Dans cette annexe, nous présentons un résumé en français de ce travail de thèse. Le contenu
du résumé ainsi que les ﬁgures utilisées sont strictement ﬁdèles à la version anglaise. Aucune
information nouvelle n’est donc ici présentée.
B.1 Introduction
Le chapitre 1 est une introduction aux études des matériaux bidimensionnelles et décrit les
propriétés des matériaux bidimensionnelles anisotropes étudiés dans cette thèse.
B.1.1 Propriétés des matériaux en couches bidimensionnelles
L’intérêt pour les matériaux bidimensionnels a été suscité par la découverte d’un moyen fa-
cile de produire du graphène en une et quelques couches par exfoliation micromécanique
[Novoselov 2004]. De nombreux autres matériaux partagent les caractéristiques de la struc-
ture stratiﬁée du graphite (fortes liaisons dans le plan et seulement de faibles interactions van
der Waals entre les plans [Novoselov 2005]). Les composés stratiﬁés comprennent les métaux,
les semi-métaux, les isolants ainsi que les semi-conducteurs, et leurs caractéristiques peuvent
changer en fonction du nombre de couches [Duong 2017]. La réduction de la dimensionnalité
a une forte inﬂuence sur les propriétés des matériaux stratiﬁés et les propriétés d’une mono-
couche peuvent être radicalement diﬀérentes de celles des matières en vrac [Novoselov 2005].
En raison des eﬀets de couplage entre couches et du conﬁnement quantique changeant, la taille
et la nature de la bande interdite peuvent être facilement réglées en modiﬁant le nombre de
couches. Les propriétés optoélectroniques des matériaux bidimensionnels sont dominées par les
eﬀets excitoniques, qui sont particulièrement robustes en raison de la grande énergie de liaison
des exciton et de leurs grandes forces d’oscillateur [Velický 2017c]. Dans les matériaux 2D,
la dimensionnalité réduite peut fortement modiﬁer les propriétés excitoniques par rapport au
volume. En raison du conﬁnement spatial dans le plan, l’énergie de liaison de l’exciton est aug-
mentée. L’écrantage diélectrique modiﬁé est un autre facteur qui inﬂuence fortement l’énergie
de liaison de l’exciton dans les matériaux bidimensionnels. La ﬁgure B.1 montre l’inﬂuence
de la réduction des dimensions et de l’écrantage diélectrique sur la structure électronique et
l’énergie de liaison d’un exciton.
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Figure B.1: (a) Inﬂuence de l’environnement diélectrique sur l’énergie de bande interdite et sur
l’interaction électron-trou. D’après [Raja 2017]. (b) Absorption optique en fonction de l’énergie
pour les matériaux en vrac et 2D. D’après [Chernikov 2014].
B.1.2 Matériaux en couches anisotropes
En raison de leur faible symétrie cristalline, certains matériaux ont des propriétés physiques
optiques, électroniques, thermiques et mécaniques dépendantes de la direction [Tian 2016].
L’anisotropie dans le plan oﬀre un degré de liberté supplémentaire pour manipuler les pro-
priétés déjà fortement accordables des matériaux en couches. Ces matériaux comprennent parmi
d’autres le phosphore noir [Ling 2015], l’arsenic noir [Chen 2018b] et l’antimonène [Wang 2015a],
GeSe [Yang 2018], WTeS2 [Zhou 2018], ReS2 et ReSe2 [Hart 2016] ou hétérostructures dans
lesquelles l’anisotropie est un résultat de l’interaction des diﬀérents matériaux avec des réseaux
incommensurables. Dans cette thèse, nous avons étudié les propriétés de trois matériaux strat-
iﬁés à anisotropie dans le plan: le phosphore noir, le disulfure de rhénium et franckéite, une
hétérostructure naturelle.
B.1.3 Phosphore noir
Contrairement au graphène et à de nombreux autres matériaux stratiﬁés, les atomes du phos-
phore en phosphore noir (BP – black phosphorus) subissent une hybridation sp3 et forment une
structure alvéolaire plissée. L’hybridation spéciﬁque des atomes dans le phosphore noir conduit
à une interaction entre couches beaucoup plus forte que pour la plupart des autres matériaux en
couches. Les atomes de phosphore se trouvent dans deux plans parallèles et on peut distinguer
deux directions non équivalentes dans le plan : zigzag et armchair. La ﬁgure B.2 montre la
structure cristalline et électronique du phosphore noir. Le couplage entrecouche exceptionnelle-
ment fort explique la forte accordabilité de l’énergie de la bande interdite du phosphore noir
qui change de 0,3 pour le vrac à environ 2 eV pour une monocouche [Chaves 2017]. Les con-
séquences de l’hybridation spéciﬁque sont la forte réactivité et l’instabilité environnementale
de BP, ce qui constitue un obstacle important du point de vue de la production de disposi-
tifs. L’encapsulation dans des matériaux chimiquement inertes est une approche courante pour
prévenir la dégradation du phosphore noir dans les conditions ambiantes.
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Figure B.2: Vue latérale (à gauche) et d’en haut (à droite) de la structure cristalline de BP et
des zones de Brillouin de (a) monolayer et (b) bulk BP et (c) l’ordre d’empilement AB le plus
courant. D’après [Chaves 2017].
B.1.4 Disulfure de rhénium
Un autre exemple de matériaux stratiﬁés à forte anisotropie dans le plan est celui des dichal-
cogénures de rhénium. Le disulfure (ReS2) et le diséléniure (ReSe2) de rhénium, contraire-
ment aux dichalcogénures de métaux de transition du groupe VI qui forment les structures
H (hexagonales) ou 1T (octaédriques), cristallisent en phase 1T’ distordue avec une symétrie
triclinique [Jariwala 2016, Tian 2016]. Ils sont stables dans des conditions ambiantes, ce qui
les rend intéressants du point de vue des applications. Les atomes de Re forment des chaînes
métalliques le long de la direction du cristal b [Fang 1997], la structure cristalline est montrée à
la ﬁgure B.3. L’anisotropie structurelle de ReS2 entraîne l’anisotropie du transport thermique
et électrique. Les propriétés optiques de ReS2 sont dominées par deux excitons anisotropes
énergétiquement non dégénérées [Jariwala 2016] à des énergies d’environ 1,53 eV et 1,57 eV
observées en absorption et émission lumineuses fortement anisotrope. Malgré des études in-
tensives, des controverses subsistent concernant la structure électronique et la nature de la
bande interdite fondamentale de ReS2. Il a notamment été mis en question le fait que ReS2
subisse une transition de la bande interdite indirecte à une bande interdite directe avec une
épaisseur décroissante.
B.1.5 Franckéite
La possibilité d’intégrer diﬀérents matériaux 2D dans des piles multicouches a ouvert la voie au
champ de recherche sur des hétérostructures de van der Waals [Wang 2014, Novoselov 2016].
Les hétérostructures peuvent être formées artiﬁciellement par synthèse ascendante par diverses
techniques [Jung 2014] ou par placement déterministe. L’approche de placement déterministe
la plus couramment utilisée permet de concevoir des structures dont la composition et les pro-
priétés sont pensées sur mesure. Cette méthode présente toutefois un risque de contamination
et de présence d’adsorbats non désirés. Il est également techniquement diﬃcile de contrôler
l’orientation correcte des couches. Une autre approche prometteuse est l’exfoliation descend-
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Figure B.3: Schéma de la structure cristalline du ReX2 1T’ (a) vue latérale et (b) d’en haut.
Les atomes de rhénium sont représentés en bleu et les atomes de chalcogénure en vert. La ﬂèche
rouge indique la direction des chaînes atomiques de Re. D’après [Jariwala 2016].
ante des hétérostructures naturelles. Plusieurs minéraux d’origine naturelle se cristallisent
sous forme stratiﬁée avec diﬀérents types de couches alternantes dans le sens de l’empilement
et maintenues ensemble par les forces de van der Waals, comme la cylindrite, la coiraite, la
potosiite ou la franckéite [Williams 1988]. Une formule chimique approximative de la franck-
éite est FeSn3Pb5Sb2S14 bien que la composition exacte puisse varier [Wang 1995, Heitz 1961].
Franckéite est composé de couches pseudo-tétragonales (appelées Q ou t) et pseudo-hexagonales
(H) superposées dans une séquence HQHQ. La franckéite est un semi-conducteur de type p
[Burzuri 2018], la bande de valence est composée principalement d’orbitales de la couche H
tandis que la bande de conduction est composée des fonctions d’onde de la couche Q, faisant de la
franckeite une hétérostructure de type II [Molina-Mendoza 2017] (Figure B.4). L’incommensurabilité
de deux couches voisines introduit une contrainte qui peut être relâchée par une déforma-
tion structurelle. Ceci conduit à mettre en avant une autre caractéristique de la franckéite:
l’ondulation dans le plan avec une périodicité dans la direction [010]. L’anisotropie et la dé-
formation dans le plan induites par les ondulations peuvent avoir une forte inﬂuence sur les
propriétés optiques et électroniques du matériau.
B.2 Techniques expérimentales
Le chapitre 2 décrit la mise en place de techniques expérimentales utilisées pour étudier nos
échantillons.
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Figure B.4: Structure de bandes électroniques de la couche H (à gauche), de la couche Q
(au milieu) et du cristal de franckeite (à droite). Les états de bande fournis par la couche
H sont marqués en rouge, les états de bande fournis par la couche Q en bleu. D’après
[Molina-Mendoza 2017].
B.2.1 Propriétés optiques des matériaux anisotropes
La première partie du chapitre 2 présente les propriétés optiques des matériaux anisotropes et
explique comment l’anisotropie de la susceptibilité diélectrique entraîne le caractère directionnel
dépendant de l’absorption et de la propagation de la lumière dans le milieu.
B.2.2 Méthodes spectroscopiques
Les méthodes spectroscopiques utilisées dans cette thèse, en particulier la photoluminescence,
la réﬂectivité et la spectroscopie Raman sont présentées dans la deuxième partie du chapitre 2.
Les principes de la spectroscopie Raman y sont expliqués en détail. La ﬁgure B.5 (a) montre
une illustration schématique des niveaux d’énergie pour diﬀérents processus de diﬀusion de la
lumière. Le photon entrant fait passer le système de l’état de base à l’état intermédiaire, à
partir duquel il se détend en émettant un photon de même longueur d’onde (diﬀusion élastique
de Rayleigh) ou de longueur d’onde diﬀérente (diﬀusion Raman Stokes- et anti-Stokes). La
ﬁgure B.5 (b) montre les schémas d’un spectre Raman typique du premier ordre avec les lignes
liées aux processus Stokes, Rayleigh et anti-Stokes. Dans la dernière partie,nous décrivons
l’installation de -spectroscopie à LNCMI-Toulouse. Le schéma du montage expérimental est
illustré à la ﬁgure B.6.
B.3 Propriétés vibratoires du phosphore noir encapsulé
Dans le chapitre 3, nous présentons une étude de l’inﬂuence de l’encapsulation du h-BN sur les
propriétés vibratoires de couches de phosphore noir.
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Figure B.5: (a) Le schéma des niveaux d’énergie dans les processus de diﬀusion élastique et
inélastique. Les ﬂèches marquent les photons entrants et diﬀusés. (b) Le schéma d’un spectre
Raman montrant les lignes de Stokes et anti-Stokes et la ligne de Rayleigh à dispersion élastique.
Figure B.6: Montage expérimental utilisé pour la µ-spectroscopie.
B.3.1 Description des échantillons
Les échantillons étudiés dans le cadre de ces travaux étaient des ﬂocons de BP épais de quelques
couches encapsulés dans h-BN multicouche et déposés sur des substrats de Si/SiO2. La tech-
nique détaillée de production des hétérostructures encapsulées est décrite dans le travaux de
[Chen 2015]. La ﬁgure B.7 montre les schémas du processus d’encapsulation et la structure de
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l’échantillon h-BN/BP/h-BN.
Figure B.7: (a) (a) Schéma du processus de fabrication de l’échantillon encapsulé, d’après
[Chen 2015] et (b) structure cristalline du phosphore noir encapsulé en h-BN.
B.3.2 Études µ-Raman du phosphore noir encapsulé
Des mesures de spectroscopie Raman ont été utilisées pour caractériser les échantillons étudiés.
Une ligne laser de 532 nm avec une puissance de 630 W a été utilisée pour l’excitation. La
ﬁgure B.8 (a) montre les schémas des trois modes Raman qui sont observés dans la géométrie
de rétrodiﬀusion avec la direction du mouvement des atomes marqués par des ﬂèches et (b) un
spectre Raman typique que nous avons mesuré sur un épais ﬂocon de BP. Le mode A1g autour
de 365 cm−1 correspond au mouvement des atomes dans la direction z hors plan, le mode A2g
autour de 470 cm−1 au mouvement principalement dans la direction x (armchair) et le mode
B2g autour de 440 cm−1 pour le mouvement dans la direction y (zigzag).
(a) (b)
Figure B.8: (a) Les modes vibratoires Raman A1g, A
2
g et B2g. Des ﬂèches marquent les directions
du déplacement des atomes. (b) Spectre Raman typique (excitation à 532 nm) d’un ﬂocon de
BP épais sur un substrat Si/SiO2.
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Il a déjà été noté que des changements par rapport au spectre d’une monocouche peuvent
être observés pour un matériau de plusieurs couches. Le pic B2g ne montre que de très faibles
variations d’énergie tandis que le pic A2g montre un décalage vers le rouge plus fort et avec une
épaisseur croissante. Ceci nous a permis de déterminer l’épaisseur des diﬀérentes parties des
ﬂocons en fonction du décalage relatif des modes Raman ∆(A2g − B2g), comme montré sur la
Fig.B.9.
Figure B.9: (a) Spectre Raman d’un mince ﬂocon de BP (points) et les fonctions de Lorentz
ajustées (lignes pleines). ∆E est marqué par des ﬂèches. (b) séparation énergétique ∆(A2g−B2g)
des modes en fonction du nombre calculé de couches. Les valeurs expérimentales obtenues dans
ce travail sont indiquées en noir; les points rouges représentent les données numérisées de [Lu
2014]; la ligne en pointillés indique la fonction ajustée.
Après avoir déterminé le nombre de couches, nous avons pu analyser les diﬀérences entre
les spectres Raman mesurés pour diﬀérentes épaisseurs. Les ﬁgures B.10 (a) et (b) montrent
les pics Raman en fonction du nombre de couches et des fonctions de Lorentz adaptées. Le
pic sur le côté haute énergie d’A2g a déjà été observé auparavant et peut être assigné comme
le mode A2g (B2u) résultant de la conversion de Davydov de deux modes actifs à infrarouge
en ﬂocons multicouches [Sugai 1985, Phaneuf-L’Heureux 2016, Ribeiro 2018]. Étonnamment,
un mode relativement faible montrant une dépendance de l’épaisseur apparaît autour de 3-
4 cm−1 au côté haute énergie du pic principal A1g. Ce nouveau mode a pu être observé pour les
échantillons pour les échantillons d’une épaisseur de 3 couches ou plus, mais est absent pour
les échantillons bicouches.
L’intensité du mode nouvellement observé par rapport au composant principal du pic A1g
diminue en fonction du nombre de couches. Une autre caractéristique intéressante est l’absence
de ce mode pour la bicouche. Un changement des fréquences de modes Raman dans les couches
superﬁcielles par rapport aux couches intérieures a été théoriquement prédit pour le phosphore
noir non encapsulé [Hu 2016]. Les calculs ont suggéré une division des fréquences pour les
épaisseurs à partir de trois couches pour les modes A1g et B2g mais pas dans le cas du mode
A2g. L’eﬀet se produit en raison des diﬀérentes caractéristiques de mouvement des atomes dans
la surface et dans les couches intérieures. Sur la base de ces observations, nous suggérons que
le mode nouvellement observé provient des couches de surface de BP qui sont en contact avec
le h-BN encapsulant tandis que la composante basse énergie est liée aux couches internes.
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Figure B.10: Les modes (a) A1g et A
2
g et (b) B2g en fonction du nombre de couches. Les données
expérimentales sont aﬃchées en gris et les fonctions Lorentziennes ajustées en rouge. La ﬂèche
verte marque le mode nouvellement observé, et la ﬂèche bleue le mode résultant de la séparation
de Davydov.
La ﬁgure B.11 (a) montre les énergies du mode A1g ✓intérieur✔ et ✓surface✔ en fonction du
nombre de couches obtenues à partir de nos données (rouge), ainsi que calculées théoriquement
à partir des références [Hu 2016] (noir) et [Birowska 2019] (vert et bleu) pour BP nu et encap-
sulé. La diﬀérence d’énergie entre les modes ✓intérieur✔ et ✓surface✔ est comparable pour les
données expérimentales et les diﬀérentes approches théoriques. Dans le panel (b), les positions
et intensités relatives à nos données expérimentales et aux calculs théoriques sont comparées.
Une discussion détaillée est présentée dans le chapitre 3.
Nos résultats suggèrent que l’encapsulation, tout en étant un moyen eﬃcace de protéger le
matériau, peut également avoir une inﬂuence signiﬁcative sur les propriétés du matériau, en
particulier pour les échantillons les plus ﬁns.
B.4 Excitons anisotropes non équilibrés dans ReS2
Le chapitre 4 présente des études optiques du disulfure de rhénium. Dans la première partie sont
exposés les choix présidant à notre étude, et notamment la controverse concernant la nature
de la bande interdite de ReS2. Les sections suivantes décrivent la détermination de l’épaisseur
et de l’ordre d’empilement des échantillons étudiés en utilisant la spectroscopie Raman ainsi
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Figure B.11: (a) Énergies des branches intérieures et surface de la vibration A1g en fonction du
nombre de couches : de nos données (rouge) et des prévisions théoriques [Hu 2016] (noir) et
[Birowska 2019] (bleu - BP nu et vert - BP encapsulé avec h-BN). (b) Intensité relative et divi-
sion du mode A1g en fonction du nombre de couches sur la base de nos données expérimentales
(pics Lorentziens, les intensités sont normalisées à la composante principale A1g, les largeurs
correspondent au moyen FWHM du pic Raman, la fréquence de la composante principale est
ﬁxée à 0) et les calculs pour BP nu (barres noires) et encapsulé (barres rouges). L’encadré
montre la diﬀérence d’énergie entre les pics intérieurs et de surface en fonction du nombre de
couches. D’après [Birowska 2019].
que les mesures de µ-réﬂectivité et µ-photoluminescence eﬀectuées pour étudier les transitions
excitoniques. D’après ces résultats, nous concluons que la photoluminescence observée est une
émission liée aux états excitoniques directs. La dernière partie de ce chapitre décrit un modèle
cinétique qui peut être utilisé pour expliquer les observations expérimentales et parvenir à des
conclusions sur la nature indirecte de la bande interdite fondamentale.
B.4.1 Motivations
Des résultats expérimentaux et théoriques contradictoires existent dans la littérature concernant
la nature de la bande interdite fondamentale de ReS2. Notre étude des propriétés photolumin-
escentes du ReS2 présentée dans ce chapitre a été motivée par les calculs théoriques de A. Kuc
et les collaborateurs du groupe du Professeur T. Heine prédisant le caractère indirect de la
bande interdite pour toutes les épaisseurs de ReS2 à l’exception de la bicouche. Les calculs
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DFT présentés à la Fig. B.12 suggèrent une diminution de la bande interdite directe au point
Γ d’environ 1,5 eV en monocouche à 1,2 eV pour quatre couches, et la présence d’une bande
indirecte plus petite pour toutes les épaisseurs à l’exception de la bicouche.
Figure B.12: Structure de bandes électroniques calculée pour diﬀérents nombres de couches
ReS2. Les ﬂèches rouges marquent la bande interdite directe, les ﬂèches noires la bande interdite
fondamentale. D’après [Urban 2019].
B.4.2 Spectroscopie Raman de ReS2
Nous avons étudié des ﬂocons de ReS2 préparés par exfoliation micromécanique et déposés sur
un substrat de Si dopé de manière dégénérative recouvert de 270 nm de SiO2. Nous avons
eﬀectué une étude de spectroscopie Raman à résolution spatiale sur la surface de plusieurs
dizaines de µm en utilisant λexc =532 nm. Dans notre analyse, nous nous sommes concentrés
sur les quatre modes Raman dans la gamme 130-170 cm−1 et avons ajusté les spectres dans cette
région en utilisant les fonctions lorentziennes. La ﬁgure B.13 (a) montre les spectres Raman
acquis à diﬀérentes positions sur le ﬂocon dont l’image optique est montrée sur la ﬁgure B.13
(c). Un contraste optique diﬀérent sur la micrographie indique un changement d’épaisseur. Les
spectres acquis sur les diﬀérentes parties de l’échantillon sont numérotés dans le panneau (a)
selon les points marqués en (c). Dans le panneau (b), les schémas des modes vibrationnels A1g
et A4g d’après [McCreary 2017] sont aﬃchés.
Les modes A1g et A
4
g se déplacent dans des directions opposées en fonction de l’épaisseur.
Sur la base de la diﬀérence d’énergie observée, que nous avons comparée aux résultats d’études
Raman précédentes [Qiao 2016], nous avons pu identiﬁer l’ordre d’empilement anisotrope dans
notre échantillon et attribuer un certain nombre de couches à chaque partie du ﬂocon. La ﬁgure
B.14 (b) montre la diﬀérence d’énergie entre ceux deux modes ∆E en fonction du nombre de
couches déterminé par [Qiao 2016] pour le polytype anisotrope et isotrope de ReS2 ainsi que des
points de données obtenus à partir des spectres acquis par nous-mêmes sur diﬀérentes régions
de l’échantillon. Une fonction exponentielle a été ajustée aux données expérimentales et sur la
base de cette dépendance, le nombre estimé de couches a été calculé pour tous les spectres de
la carte Raman. La ﬁgure B.14 (c) montre le décalage des modes A1g et A
4
g par rapport à la
valeur en vrac en fonction du nombre de couches.
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Figure B.13: (a) Spectres Raman acquis par excitation à 532 nm en diﬀérentes positions sur
le ﬂocon ReS2 montrant les quatre pics caractéristiques dans la gamme 130-170 cm−1. Les
spectres sont normalisés à l’intensité du mode A1g. (b) Vecteurs propres des modes Raman A
1
g
et A4g. Reproduit de [McCreary 2017]. (c) Image optique du ﬂocon avec les positions marquées
où les spectres indiqués dans le panneau (a) ont été acquis.
Figure B.14: (a) Spectres Raman montrant les modes A1g et A
4
g pour diﬀérentes épaisseurs;
(b) décalage relatif entre les pics A1g et A
4
g en fonction du nombre de couches pour l’ordre
d’empilement isotrope (bleu clair) et anisotrope (bleu foncé) de la référence [Qiao 2016], des
points de données expérimentales de ce travail (en rouge) et une fonction exponentielle ajustée;
(c) les décalages des énergies de pic A1g et A
4
g relatifs aux énergies de ReS2 en vrac en fonction
du nombre de couches calculé.
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B.4.3 Photoluminescence et réflectivité
Des mesures de photoluminescence et de contraste de la réﬂectivité ont été eﬀectuées pour
identiﬁer les transitions excitoniques et caractériser l’absorption et l’émission en fonction de
la polarisation linéaire de détection et d’excitation, le nombre de couches ReS2 et de la tem-
pérature. La ﬁgure B.15 montre un contraste de réﬂectivité non polarisé et un spectre de
photoluminescence d’un épais ﬂocon de ReS2 à 4 K. Les deux transitions excitoniques les plus
basses X1 et X2 peuvent également être identiﬁées en PL à des énergies d’environ 1,55 eV
et 1,565 eV, avec un déplacement de Stokes de 10 méV environ. Les ﬂèches marquent les
transitions dans le spectre de photoluminescence, l’émission liée à l’état excitonique X1 permet
d’observer deux maxima proches. Il est intéressant de noter que l’intensité des émissions X1 et
X2 se situe dans une plage similaire.
Figure B.15: Spectre de photoluminescence et de contraste de la réﬂectivité non polarisé pour
un ﬂocon épais de ReS2. Les ﬂèches marquent les deux pics que l’on peut distinguer dans
l’émission X1 et l’émission X2.
Ensuite, nous avons eﬀectué des mesures de photoluminescence sur le ﬂocon épais en ana-
lysant la polarisation linéaire lors de la détection. La ﬁgure B.16 (a) montre les spectres pour
deux angles de détection choisis et les fonctions ajustées. La ﬁgure B.16 (b) montre la dépend-
ance angulaire des intensités d’émission X1 et X2. La dépendance de polarisation observée est
en accord avec les études antérieures des deux états excitoniques les plus bas.
La ﬁgure B.17 (a) montre les spectres PL acquis sur des régions d’épaisseurs diﬀérentes.
Un décalage vers le bleu et une diminution de l’intensité de l’émission peuvent être observés
pour une diminution de l’épaisseur. La ﬁgure B.17 (b) montre les énergies des maxima des
émissions X1 et X2 et leur séparation en fonction du nombre de couches. Notre observation est
en accord avec les études précédentes qui ont montré une diminution monotone de l’intensité
PL et un décalage vers le bleu de l’émission PL avec une épaisseur décroissante [Tongay 2014,
Aslan 2016].
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Figure B.16: (a) Spectres de photoluminescence pour deux angles de détection de polarisation
et ajustements des cinq pics et de l’ajustement cumulatif. Le pic 1 et pic 2 (magenta et bleu)
correspondent à la transition X1, et le pic 3 (vert) à la transition X2. (b) Diagramme polaire
des intensités de transition X1 et X2 (l’intensité X1 est la somme de la surface des pics 1 et 2).
Figure B.17: (a) Spectre de photoluminescence pour diﬀérentes épaisseurs de ReS2; (b) les
énergies des émissions X1 et X2 et leur séparation énergétique en fonction du nombre de couches.
La ﬁgure B.18 (a) montre une carte de l’intensité de photoluminescence intégrée sur toute
la gamme spectrale. Une augmentation de l’intensité d’émission avec le nombre de couches est
visible. La ﬁgure B.18 (b) montre l’intensité intégrée en fonction du nombre de couches. La
dépendance monotone suggère que la nature de la bande interdite ne change pas avec l’épaisseur
pour ReS2.
B.4.4 Modèle cinétique
Pour décrire nos résultats de manière quantitative et expliquer la nature de l’émission observée,
nous proposons un modèle cinétique pour la génération, la recombinaison et la diﬀusion des
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Figure B.18: (a) Intensité de photoluminescence intégrée en fonction de la position spatiale.
(b) Intensité intégrée en fonction du nombre de couches.
excitons dans les états X1 et X2. Un schéma du modèle des états excitoniques est présenté par
la ﬁgure B.19. Deux états excitoniques directs X1 et X2 se trouvent au-dessus d’un état XI
lié à une bande interdite indirecte. Sous excitation optique à onde continue, des excitons sont
créés avec un taux de génération g dans les deux états X1 et X2. Un exciton à l’état X2 peut
subir une recombinaison radiative, décrite par une constante de temps τr, et diﬀuser dans l’état
direct inférieur X1 avec une constante de temps τx ou dans l’état indirect avec une constante
de temps τs. Un exciton dans l’état X1 peut aussi se recombiner radiativement ou se diﬀuser à
l’état indirect. Nous pourrions décrire les processus de création et de recombinaison en termes
d’équations de taux décrivant l’évolution de la population d’excitons dans les trois états.
Figure B.19: Le modèle des états excitoniques proposé. X1 et X2 sont les états excitoniques
directs et XI est un état excitonique lié à la bande interdite indirecte.
L’intensité de photoluminescence observée dépend du nombre d’excitons dans un état ainsi
que de la probabilité de la recombinaison radiative de cet état. La ﬁgure B.20 montre le rapport
calculé du nombre d’excitons dans les états X1 et X2 (N1/N2), le rapport de probabilité de
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recombinaison radiative P1/P2 et le rapport d’intensité d’émission prévue I1/I2 en fonction du
rapport de temps de recombinaison et diﬀusion τr/τx. Cette dépendance a été calculée pour
diﬀérentes valeurs de τx/τs. Sur la base de ce modèle, en supposant une plage physiquement
plausible de rapports de temps de recombinaison et diﬀusion (τr/τx>1), nous pourrions conclure
que le rapport d’intensité de photoluminescence observé expérimentalement pour le ﬂocon épais
ne peut pas être expliqué en supposant l’absence de la bande indirecte (correspondant au τs
inﬁni, ligne rouge sur ﬁgure B.20). Nous suggérons donc un caractère indirect du bandap
fondamental pour ReS2 indépendamment du nombre de couches.
Figure B.20: (a) Probabilité d’émission radiative des états X1 et X2; (b) nombre d’excitons
dans les états X1 et X2; (c) rapport d’intensité de photoluminescence prévu des états X1 et X2
en fonction de τr/τx. La ligne rouge représente la prédiction pour la bande interdite directe
(τs = ∞) tandis que les lignes grises montrent les prédictions dans la présence d’une bande
interdite indirecte pour diﬀérents rapports du temps de diﬀusion entre les états excitoniques
directs et l’état indirect τx/τs.
B.5 Dépendance anormale à la polarisation de la diffusion
Raman dans la franckéite
Le chapitre 5 présente nos études de spectroscopie Raman polarimétrique sur la franckéite,
menées dans le but de trouver une méthode de détermination de la direction de l’ondulation
de l’hétérostructure anisotrope.
B.5.1 Description des échantillons
De minces couches de franckeite ont été préparées par exfoliation mécanique à partir de cristaux
en vrac provenant d’une roche naturelle. Les couches ont été exfoliées sur un substrat PDMS et
déposées sur un substrat SiO2/Si de 292 nm [Gant 2017]. Sur la base des mesures AFM (ﬁgure
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B.21), nous avons pu déterminer l’épaisseur du ﬂocon sur lequel nous avons eﬀectué les mesures
par spectroscopie Raman à 87 nm.
Figure B.21: (a) Image de topographique AFM du ﬂocon étudié avec des proﬁls marqués qui
ont été utilisés pour estimer l’épaisseur; (b) Micrographie optique du même ﬂocon.
B.5.2 Spectroscopie polarimétrique Raman
Les mesures ont été eﬀectuées à température ambiante. Pour l’excitation, la ligne CW 532 nm
d’un laser à l’état solide a été utilisée à une puissance de 2 mW. Pour les mesures à résolution
de polarisation, un séparateur de faisceau non polarisant a été utilisé pour éviter les artefacts
de polarisation introduits par le miroir dichroïque. La ﬁgure B.22 montre un spectre obtenu
en faisant la moyenne des spectres pour une gamme complète d’angles d’excitation mesurés
sur la partie la plus épaisse du ﬂocon acquis dans la conﬁguration de détection parallèle et
perpendiculaire. La caractéristique la plus importante est le pic à 253 cm−1 avec une épaule
du côté droit à 277 cm−1. Ces bandes ont été interprétées comme des modes liés au spectre
des stibnites de la phase Q [Ray 2017]. Le pic autour de 300 cm−1 provient très probablement
du substrat. La position du mode à 322 cm−1 correspond bien à l’énergie de la vibration
A1g observée dans SnS2 [Molina-Mendoza 2017]. L’attribution des deux modes de plus basse
énergie n’est pas directe, car ils ont été précédemment attribués à diﬀérents modes ou à leurs
combinaisons à partir des couches Q et H.
La ﬁgure B.23 montre les cartes d’intensité Raman en fonction de l’angle d’excitation pour
la conﬁguration de polarisation parallèle et croisée. Les modes montrent une modulation claire
de l’intensité avec le sens d’excitation.
Aﬁn de décrire quantitativement la dépendance de l’intensité selon la polarisation, les
spectres ont été ajustés en utilisant les pics de Lorentz correspondant aux 5 modes franck-
eite et le mode provenant du substrat. La hauteur des pics a été extraite comme mesure de
l’intensité de la bande et tracée à la ﬁgure B.24 pour les trois modes franckeite à 186, 253
et 322 cm−1 pour lesquels une dépendance de polarisation claire a pu être résolue. La ﬁg-
ure B.25 montre l’exemple d’un ajustement d’un spectre et les axes de polarisation déﬁnis par
l’intensité maximale observée en polarisation parallèle superposée sur la micrographie de ﬂocon.
La dépendance de polarisation observée ne peut pas être expliquée uniquement sur la base de la
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Figure B.22: Spectre Raman des ﬂocons de franckeite d’environ 90 nm épais avec des modes
caractéristiques marqués en polarisation (a) parallèle et (b) perpendiculaire en moyennes sur
toute la gamme des directions d’excitation.
Figure B.23: Cartes montrant l’intensité du mode Raman en fonction de l’angle d’excitation
pour la polarisation parallèle (a) et croisée (b).
symétrie des modes Raman. Nous suggérons que l’anisotropie optique, induite par l’ondulation
unidimensionnelle, est responsable de la dépendance à la polarisation anormale, notamment
la double anisotropie du mode A1 322 cm−1 en polarisation parallèle et les diﬀérentes intens-
ités des maxima à orientation perpendiculaire en polarisation croisée pour les modes a 186 et
253 cm−1. L’axe de cette anisotropie est parallèle à l’une des directions de clivage, qui, comme
discuté plus en détail au chapitre 5, est très probablement parallèle aux ondulations.
B.6 Conclusions
Avec la tendance actuelle à la miniaturisation des dispositifs électroniques, les matériaux semi-
conducteurs en couches minces sont des candidats naturels pour une variété d’applications.
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Figure B.24: Diagrammes polaires montrant l’intensité du mode 186 cm−1 (vert), 253 cm−1
(bleu foncé) et 322 cm−1 (orange) en fonction de l’angle d’excitation en polarisation parallèle
(haut) et en polarisation croisée (bas). Le mode 322 cm−1 n’a pas été observé en polarisation
croisée. Les ﬂèches marquent les directions approximatives de l’intensité maximale.
Figure B.25: (a) Exemple d’ajustement d’un spectre pour un angle d’excitation de 0◦ avec
des pics lorentziens; (b) Micrographie optique du ﬂocon. La direction 0◦ est marquée avec la
ligne pointillée et les directions d’intensité maximale dérivées des diagrammes polaires pour
les modes 186 cm−1 (vert), 253 cm−1 (bleu foncé) et 322 cm−1 (orange) sont indiquées par les
ﬂèches.
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L’anisotropie dans le plan, présentée par certains de ces composés, fournit un moyen sup-
plémentaire d’accorder les caractéristiques de dispositifs – tel que le transport thermique et
électrique – et pourrait être utilisée pour réaliser l’émission et la détection de lumière polar-
isée. Ce sont là des enjeux importants et motivant notre tentative de mieux comprendre les
propriétés fondamentales de ces matériaux.
Dans la première partie de cette thèse, nous avons étudié les propriétés vibratoires du
phosphore noir par spectroscopie Raman. Nous avons caractérisé des échantillons encapsulés
h-BN/BP/h-BN en quelques couches épaisses pour comprendre comment l’encapsulation peut
inﬂuencer leurs propriétés structurelles et vibratoires. Nous avons pu conﬁrmer que le h-BN
assure une protection eﬃcace du matériau instable dans les conditions ambiantes. Le rétré-
cissement de la ligne Raman d’environ 1 cm−1 par rapport aux études précédentes a fourni une
preuve de la haute qualité du matériau et nous a permis de faire la première observation expéri-
mentale du changement théoriquement prévu de la fréquence du mode A1g dans les couches de
surface de quelques couches de phosphore noir épais. Ce changement de fréquence se manifeste
par l’apparition d’un nouveau pic Raman d’environ 4 cm−1 au-dessus du composant principal
A1g pour les échantillons d’une épaisseur de trois couches ou plus. En comparant les observa-
tions expérimentales aux résultats de calculs théoriques, nous avons discuté du décalage bleu
inattendu de la fréquence modale dans le contexte des changements des constantes de réseau
dans les couches de surface et de la déformation induite par le h-BN encapsulant.
Le disulfure de rhénium est un matériau à symétrie triclinique qui, contrairement à BP,
présente une bonne stabilité environnementale. Une controverse non résolue existe dans la lit-
térature quant à la nature de l’écart fondamental de ReS2. Motivés par une étude théorique
suggérant le caractère indirect de la bande interdite pour toutes les épaisseurs de disulfure de
rhénium à l’exception de la bicouche, nous avons eﬀectué une caractérisation de photolumin-
escence de ReS2 en fonction du nombre de couches. Nous avons pu identiﬁer deux transitions
excitoniques, précédemment rapportées autour de 1,55 eV (X1) et 1,57 eV (X2), caractérisées
par une forte anisotropie linéaire d’absorption et d’émission ainsi que par la dépendance mono-
tone de l’intensité d’émission sur l’épaisseur. Nous avons conclu qu’il n’y a aucun changement
du type de bande interdite avec l’épaisseur. L’intensité du PL était comparable pour les émis-
sions des deux états excitoniques, ce qui est surprenant étant donné leur séparation énergétique
relative d’environ 20 meV. Nous proposons qu’un état plus bas lié à une bande interdite indir-
ecte soit responsable du dépeuplement rapide des états directs. Nous avons pu soutenir cette
conclusion en comparant les observations expérimentales avec un modèle cinétique décrivant la
recombinaison radiative et la diﬀusion des excitons dans les états directs et indirects.
Les hétérostructures naturelles oﬀrent une alternative intéressante à l’empilement artiﬁciel
des couches. La franckéite est une hétérostructure de type p de type II pour laquelle le caractère
incommensurable des couches tétragonales et hexagonales entraîne une déformation structurelle
unidimensionnelle. Nous avons étudié la dépendance de polarisation de l’intensité du mode Ra-
man pour les couches minces de franckeite exfoliées aﬁn d’établir une méthode pour déterminer
la direction de l’ondulation dans le plan. Nous avons observé une dépendance de polarisation
anormale des modes Raman de 186 cm−1 et 253 cm−1 pour la couche Q et de 322 cm−1 pour
la couche H A1g. L’axe d’anisotropie observé dans ces mesures est parallèle à la direction pour
laquelle l’ondulation unidimensionnelle pourrait être attendue d’après les directions de clivage
observées.
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